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DESCRIPTION 
DC SPUTTERING PROCESS FOR MAKING SMOOTH 
ELECTRODES AND THIN FILM FERROELECTRIC CAPACfTORS HAVING 
IMPROVED MEMORY RETENTION 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention pertains to methods and apparatus involving smooth 
electrodes and thin film ferroelectrics for use in integrated circuits. More 
particularly, a bottom electrode is DC-sputter deposited in a special earner gas 
mixture to Improve the memory retention characteristics of a ferroelectric capacitor. 

2. Statement of the Problem 

Thin film ferroelectric materials are used in a variety of nonvolatile random 
access-'memory devices. For example, U.S. patent number 5,600,587 issued to 
Koike teaches a ferroelectric nonvolatile random access memory using memory 
cells consisting of a ferroelectric capacitor and a switching transistor. U.S. patent 
number 5,495,438 Issued to Omura teaches a ferroelectric memory that is formed 
of ferroelectric capacitors connected in parallel. The capacitors have ferroelectric 
materials of different coercive field values and, consequently, can use or store 
multi-value data. U.S. patent number 5,592,409 issued to Nishimura etal. teaches 
a nonvolatile memory including a ferroelectric layer that is polarized by the 
impressed voltage betw/een two gates. The polarization or memory storage state 
is read as a high or low current flow across the ferroelectric layer, which permits 
nondestructive readout. U.S. patent number 5,539,279 issued to Takeuchi et al. 
teaches a high speed one transistor one capacitor ferroelectric memory that 
switches between two modes of operation including a dynamic random access 
memory ("DRAM") mode and a ferroelectric random access memory ("FERAM") 
mode. 

Ferroelectric memories are nonvolatile because the ferroelectric materials 
polarize in the presence of an applied field and retain the polarization even after 
the applied field is removed. FIG, 1 depicts an ideal polarization hysteresis curve 
100 for ferroelectric thin films. Side 102 of curve 100 is produced by measuring 
the charge on a ferroelectric capacitor while changing the applied field from a 
positive value to a negative value. Side 104 of curve 100 is produced by 
measuring the charge on the ferroelectric capacitor while changing the applied field 
E from a negative value to a positive value. The points -E^ and are 
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conventionally referred to as the coercive field that is required to bring polarization 
P to zero. Similarly, the remanent polarization Pr or -Pr is the polarization in the 
ferroelectric materia! at a zero field value. The Pr and -Pr values ideally have the 
same magnitude, but the values are most often different in practice. Thus, 
polarization measured as 2Pr is calculated by adding the absolute values of the 
actual Pr and -Pr values even though these values may differ in magnitude. The^ 
spontaneous polarization values Ps and -Ps are measured by extrapolating a 
linear distal end of the hysteresis loop, e.g., end 106, to intersect the polarization 
axis. In an ideal ferroelectric, Ps equals Pr, but these values differ in actual 
ferroelectrics due to linear dielectric and nonlinear feroelectric behavior. A large, 
boxy, substantially rectangular central region 108 shows suitability for use as a 
memory by its wide separation between curves 1 02 and 1 04 with respect to both 
coercive field and polarization. 

Ferroelectric memories are fast, dense, and nonvolatile. Even so. 
ferroelectric memories do not enjoy widespread commercial use, in part, because 
the polarization of a thin film ferroelectric material degrades with repeated use. 
Actual thin film ferroelectrics do not perform as ideal ferroelectrics. Deviation from 
the ideal behavior of FIG. 1 is observed as fen-oelectric imprint and fatigue. These 
deviations are so common and severe that it is neariy impossible to find thin film 
ferroelectrics which meet commercial requirements. The best materials for 
integrated ferroelectric devices are switched using a coercive field that can be 
obtained from conventional integrated circuit operating voltages, i.e., three to five 
volts ("V"). The materials should have a very high polarization, e.g. , one exceeding 
twelve to fifteen micro coulombs per square centimeter (VC/cm^) determined as - 
2Pr, to permit the construction of memories having sufficient densities. 
Polarization fatigue should be very low or nonexistent over hundreds of millions of 
switching cycles. Furthermore, the ferroelectric material should not imprint, i.e., 
the hysteresis curve should not shift to favor a positive or negative coercive field. 

FIG. 2 depicts the effects of envinanmental stress on hysteresis curve 1 00, 
Curve 200 shows the effect of fatigue on curve 100. Fatigue reduces the 
separation between curves 102 and 104 defining central region 108. Central 
region 108 progressively becomes smaller and smaller with additional fatigue. 
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This change in separation is primarily due to the creation of point charge defects 
arising in the ferroelectric material as a consequence of polarization switching 
together with the associated screening effect of the charge defects on the applied 
field. Thus, fatigue causes the ferroelectric material to wear out over time due to 
repeated polarization switching. 

U.S. patent number 5,519,234 issued to Araujo et al. teaches that the 
fatigue problem of curve 200 is substantially overcome by the use of layered 
superlattice materials, such as the "layered perovskite-like" materials described in 
Smolenskii et al. "Ferroelectrics and Related Materials," Gordon and Breach 
(1984). The use of thin film layered superiatfice materials in integrated circuits was 
unknown prior to Dr. Araujo's work. The layered superlattice materials are 
reported to provide a thin film ferroelectric material wherein the polarization state 
may be switched up to at least 1 0^ times with less than thirty percent fatigue. This 
level of fatigue endurance provides a significant advance in the art because it is 
at least about three orders of magnitude better than the fatigue endurance of other 
ferroelectrics, e.g., lead zirconium titanate ("PZT') or lead lanthanum zirconium 
titanate ("PLZT"). Priorlayered superlattice material work has been done primarily 
with the use of a Pt/Ti bottom electrode and layered superlattice material films on 
the order of 1 80 nanometers (nm) thick. The titanium is used as an adhesion layer 
to prevent peeling of the electrode from the substrate. 

According to section 15.3 of the Smolenskii book, the layered perovskite- 
like materials or layered superiattice materials can be classified under three 
general types: 

(A) compounds having the formula A^.iBi^M^Oj^^j, where A = Bi'*, Ba^*, Sr^*, ' 
Ca^*, Pb^*, K*, Na* and other ions of comparable size, and M = Ti"*, Nb°*, 
Ta^*, Mo^*, W^*, Fe^* and other ions that occupy oxygen octahedra; 

(B) compounds having the formula A^^^M^O^^.^, including compounds such 
as strontium titanates SrJiO^, Sr^Tifi^ and SrJijO,!,; and 

(C) compounds having the formula AJMJ3^^2' including compounds such 
as SrjNbjO^, LajTijO,, SrJiNb^O,;. and SrJi^Nb^Ojo. 

Smolenskii observed that the perovskite-like layers may have different 
thicknesses, depending on the value of m. and that the perovskite AMO3 is in 
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principal the limiting example of any type of layered perovsklte-IIke structure 
with m = infinity. Smolenskil also noted that if the layer with minimum thickness 
(m=1) is denoted by P and the bismuth-oxygen layer is. denoted by B, then the 

type I compounds may be described as ...BP^BP„ Smolenskii further noted 

that if m is a fractional number then the lattice contains perovskite-like layers of 
various thicknesses, and that all the known type 1 compounds are fen-oelectrics._ 
Despite the tremendous Improvements In low fatigue ferroelectrics attributable to 
layered superlattice materials, there remains an imprint problem that is typified by 
curve 202 of FIG. 2. Cuive 202 shows that environmental stresses can imprint 
curve 100 by shifting it to the right or left. This imprinting occurs when the 
ferroelectric material is subjected to repetitive unidirectional voltage pulses. Some 
Imprinting also occurs as a result of normal hysteresis switching, especially at a 
high temperature. The ferroelectric material retains a residual polarization or bias 
that shifts sides 102 and 104 in a positive or negative direction with respect to the 
applied field. Thus, curve 202 has been shifted in a positive direction 204 by 
repeated negative pulsing of a ferroelectric capacitor. A shift in the opposite 
direction couid also occur due to repetitive pulsing by opposite voltage. This type 
of pulsing represents what happens to the ferroelectric materials as a 
consequence of repeated unidirectional voltage cycling, such as the sense 
operations in FERAMs. Imprint can be so severe that the ferroelectric material can 
no longer retain a polarization state corresponding to a logical 1 or 0 value, i.e., 
imprint degradation eventually makes the ferroelectric unsuitable for use in a 
memory. 

U.S. patent number 5,592,410 issued to Verhaeghe refers to the - 
ferroelectric imprintphenomenon as 'compensation". The '410 patent teaches that 
imprint can be reversed by pulsing voltage during the write cycle to return the 
hysteresis loop towards the unimprinted position of curve 100, as compared to 
curve 202. Thus, the imprint problem is reversed by special write operations in 
which the pulsed voltage is opposite the switching voltage. Despite the teaching 
of Verhaeghe '410, the reverse voltage pulsing does not address the entire 
problem because the imprint phenomenon is a partially Irreversible one. The 
observed imprinting reflects corresponding changes in microstructure of the 
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ferroelectric crystal, e.g., the creation of point charge defects with associated 
trapping of polarized crystal domains. Many of these microstructural changes are 
not reversible. 

FIG. 3 depicts the deleterious effects of fatigue and imprinting on 
ferroelectric memory read/write control operations. Memory control logic circuits 
require a minimum polarization separation window, i.e., a programming window,, 
which is represented by region 300. Region 300 must be large enough to produce 
a sufficient read-out charge for memory operations, e.g., for the operation of 
memory sense amplifier circuits. An initial 2Pr separation window 302 declines 
over the lifetime of the ferroelectric memory device along tracks 304 and 306 until, 
after about ten years or so of constant normal use, the separation between tracks 
304 and 306 is too small for conducting memory operations. This lifetime of 
normal use follows stress time line 308. Curve 310 is a polarization hysteresis 
curve from the same material that produced curve 100, but is measured on decline 
at a point in time along tracks 304 and 306. The remanent polarization values 
Rms and Rmn correspond to +Prand -Pr for the fatigued and imprinted material. 
Rms and Rmn are defined as remanent polarization at zero field in the fatigued 
and Imprinted hysteresis curve 310. An-ow 312 shows a quantity of positive 
polarization retention loss, which is primarily due to fatigue. Arrow 314 shows a 
quantity of negative polarization retention loss, which is primarily caused by imprint 
shifting of curve 312 relative to curve 100. Arrow 316 shows a quantity of voltage 
center shifting of curve 312 relative to curve 100. This voltage center shifting 
indicates imprintation of the ferroelectric material. 

Not all prior research efforts have focused upon the development of new - 
ferroelectric materials to overcome the fatigue and imprint problems. Nakamura. 
"Preparation of Pb{Zr, Ti)03 Thin Films on Ir and IrOs Electrodes" 33 Jpn. J. Appl. 
Phys. 5207-5210 (Sept. 1994), teaches the use of RF magnetron reactive 
sputtering to produce Pt, Ir and IrOj electrodes. The substrate temperature was 
held at 450 °C while the RF sputtering occurred, and the films were subjected to 
a post-deposition anneal of 400 °C. A PZT thin film was deposited atop the RF- 
sputter deposited bottom electrodes. The polarization ("Pr") of PZT on a 
conventional Pt/Ti electrode decreased by 50% after 1 0* cycles. In comparison, 
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a device including PZT between irOj top and bottom electrodes fatigued only 5% 
after 10^ cycles. The article hypothesizes that the improvement in fatigue 
endurance was due to incompletely oxidized IrO^, which partially reacted with the 
PZT at the electrode-ferroelectric boundary. 

Oxygen carriergasses have been used in RF-magnetron reactive sputtering 
•to prevent accelerated sputtering gases from generating point charge defects b)i 
striking a dielectric thin film of barium strontium titanate. Joo et al., "Improvement 
of leakage currents of Pt / {Ba,Sr)Ti03 / Pt capacitors", 70 Appl. Phys. Lett. 3053- 
3055 (June 1997) shows RF-magnetron reactive sputtering to deposit platinum top 
electrodes over thin film barium strontium titanate dielectric material. RF- 
magnetron deposition was performed using a mixed Ar/ 0^ carrier gas. Oxygen 
ions inahe earner gas compensated oxygen vacancies in the barium strontium 
titanate dielectric to provide a significant reduction in leakage current. The RF- 
sputter deposited platinum had a columnar structure, which was believed to 
facilitate the transport of oxygen ions across the top platinum electrode. The use 
of oxygen carriergasAr/ 02(35/ 15) for twenty seconds resulted in the deposition 
of a 5 nm thick platinum film, while the use of Ar gas alone for forty seconds 
resulted in the deposition of a 95 nm thick platinum film. Thus, the article 
determined that it was sufficient to reduce leakage current by introducing oxygen 
gas only at an initial stage of sputtering of the top electrode. The deposition rate 
could, accordingly, be enhanced in subsequent stages through the use of pure Ar 
carrier gas. 

There remains a need to provide a bottom electrode structure for thin film 
ferroelectric layered superlattice material capacitors that improves the fatigue - 
endurance of the layered superiattice materials and makes the layered superiattice 
materials substantially free of imprint. Furthermore, there is a need to improve 
sputtering processes by increasing the deposition rates of sputtered metals when 
a reactive carrier gas mixture is used in the sputtering chamber. 

SOLUTION 

It has been discovered that the imprint phenomenon represented as curve 
202 in FIG. 2 is affected by surface irregularities on the ferroelectric film and 
defects in the ferroelectric film, e.g., those corresponding to hillocks on the bottom 
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electrode in a thin film ferroelectric capacitor device or similar surface Irregularities 
on the top of the ferroelectric film together with clusters or porosity Inclusions in the 
ferroelectric film. In particular, the prior art Pt /Ti bottom electrodes form sharp 
hillocks that are especially prone to increase the amount of imprinting and the prior 
art spun-on ferroelectric films include defects that are prone to degrade the fatigue 
endurance and memory retention. Thus, ferroelectric capacitors haying electrodes- 
with sharp irregularities offer inferior electronic performance in integrated 
memories. Furthermore, it has been discovered that the use of oxygen carrier gas 
while sputtering top electrodes can improve the fatigue endurance, polarization, 
memory retention, and imprint characteristics of thin film layered superiattice 
materials while at the same time yielding an essentially smooth top electrode. 

'The present invention overcomes the problems outlined above by providing 
a DC-magnetron reactive sputtering process that utilizes a reactive carrier gas 
mixture to yield electrodes that are essentially smooth or hillock-free. The smooth 
electrodes are used in combination with ferroelectrics, especially the layered 
superiattice materials. Ultra thin films of layered superiattice materials less than 
about 50 nm or 80 nm thick offer significant and surprising advantages in 
ferroelectric performance that have not previously been suspected. 

The smooth electrodes are produced according to a novel DC sputtering 
process. A carrier gas mixture for use in the DC-sputter deposition includes a 
mixture of a noble gas and a reactive gas species for the sputtering of conductive 
metals and conductive metal oxides. The ferroelectric materials may be specially 
processed using liquid source misted chemical deposition ("LSMCD") and rapid 
thermal processing ("RTP") after deposition of the bottom electrode to present a 
similariy smooth surface for receipt of a top electrode on the ferroelectric layer. 
The LSMCD is the deposition technique to use a single stoichio metrically correct 
liquid precursor which has precisely controlled amounts of strontium-, bismuth-, 
tantalum-, and niobium-precursors to form strontium bismuthtantalumniobate film. 
After converting the liquid precursor into an aerosol, the atomize aerosol is 
injected, along with an inert carrier gas, into a vacuum chamber, and deposited 
evenly over a rotating substrate. The RTP is accomplished by conventional means 
using a halogen lamp or other high energy radiative thermal transfer device. The 
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top electrode is also DC-magnetron-sputter deposited using a carrier gas mixture 
including a noble gas and a reactive gas species. 

Reactive ionic species produced by the glow discharge of a DC-magnetron 
are available to compensate point charge defects that are formed by the impact 
of accelerated ions upon the substrate. The reactive gas species of the carrier 
gas mixture are preferably a gaseous species of a reagent that reacts to yield s 
preexisting material on the substrate or a material that will subsequently be 
deposited on the substrate. Altematively, the reactive gas can be any gas that 
reacts to compensate lattice defects. For example, the charge reactive gas 
species are oxygen where the electrode is sputtered over a metal oxide, and the 
oxygen compensates oxygen defects. Similarly, the charge compensation portion 
Is nitrogen where the electrode is sputtered over a nitride, or nitrogen may be used 
in an attempt to overcompensate oxygen defects in a metal oxide. 

Where the DC-sputtered electrodes are used in combination with layered 
superlattice materials, the layered superlattice materials resist fatigue well and 
their conformity to the smooth bottom electrode improves their imprint performance 
in integrated ferroelectric memories, suchasFERAIVIs. A corresponding reduction 
in point charge defects in the layered superlattice materials also improves the 
fatigue endurance and resistance to fatigue. 

Smooth electrodes advantageously permit the use of increasingly thinner 
films of layered superlattice materials without shorting of the ferroelectric 
capacitors. The thin films show a surprising Improvement in their memory 
retention windows because memory retention windows in the thinner materials can 
have a greater magnitude than exists In comparable thicker materials. One would ' 
expect just the opposite effect because a greater number of oriented ferroelectric 
domains in the thicker materials should provide a greater cumulative polarization 
effect, but this greater cumulative polarization effect is not observed in practice. 
Thus, the use of smooth electrodes and thin films permits the construction of much 
better ferroelectric memories. 

A preferred thin film ferroelectric capacitor according to the present 
invention Includes a bottom electrode having a first smooth surface, a fen-oelectric 
thin film layered superiattice material without any clusters or porosity inclusions, 
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and a top electrode having a second smooth surface. The most preferred layered 
superlattlce materials are strontium bismuth tantalate and strontium bismuth 
niobium tantalate. The ferroelectric thin film layered superlattice material contacts 
the smooth surfaces of the electrodes and. has a thickness ranging from 30 nm to 
250 nm. A smooth surface on one of the electrodes is hereby defined as one in 
which all surface in-egularity features protruding towards the thin filrri ferroelectric- 
layered superlattice material protrude a distance less than twenty percent of the 
thickness in the ferroelectric thin film layered superlattice material thickness. It is 
also prefen-ed that substantially all of the surface irregularities on the smooth 
electrode are rounded and essentially free of acute angles. Another way of 
defining a smooth surface is that the surface is smoother, I.e., having surface 
irregularities that are less sharp, less tall, and less numerous, than the surface 
in-egularities of a comparable 200nm/200nm thick Pt/Ti stacked electrode 
deposited on silicon which has been annealed while exposed to oxygen at 700 °C 
to 800 °C for one hour. 

Ferroelectric thin film layered superlattice materials for use in the invention 
typically have thicknesses ranging from 30 nm to 250 nm. Thicknesses above this 
range are also useful, though they are seldom needed. A more preferred range 
of layered superlattice material thickness is from 30 nm to 1 10 nm. This range is 
even more preferably from 40 nm to 100 nm, and is most preferably from 50 nm 
to 80 nm. The prior art does not show layered superlattice materials having these 
small thicknesses, which are less than about 130 nm. 

Ferroelectric capacitors of the invention demonstrate superior electrical 
performance. For example, select fen-oelectric thin film layered superlattice 
materials are capable of providing a 1.5 V polarization or charge separation 
window of at least 7 /.iC/cm' after being stored for a hundred hours at 75 °C. The 
75 °C storage is very severe, as compared to normal Integrated circuit operating 
temperature and, consequently, tends to accelerate loss of retention. The 7 
ixClcrr? separation window Is sufficient for proper interaction with conventional 
integrated memory control logic circuits. The separation window increases as film 
thickness decreases down to about 30 nm. Layered superlattice material films 
thinner than about 30 nm crystallize differently and show porosity along grain or 
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domain boundaries, which makes them unsuitable for use in ferroelectric 
capacitors. 

Another aspect of superior electronic performance in the ferroelectric thin 
film layered superlattice materials according to the invention is su perior resistance 
to imprintation. Select ferroelectric thin film layered superlattice materials 
demonstrate a hysteresis shift of less than 0.0163 V corresponding to the 3 V. 
poiarization separation window after 10'° cycles of 6 V square wave fatigue 
endurance switching, as described above. 

Yet another aspect of superior electronic performance is the development 
of ultra thin ferroelectric layered superiattice material films that are essentially 
fatigue free. The use of smooth electrodes permits the use of ferroelectric thin 
films having less than about 2% of 2Pr degradation after being switched 10^° 
cycles using a 1 V triangular wave at 10,000 Hz. This exceptional ferroelectric 
performance comes from ultra thin films, e.g., those ranging from 30 nm to 1 10 nm 
in thickness. 

The smooth electrode structures can be produced through use of a DC glow 
discharge. In a preferred embodiment, the bottom electrode includes a platinum 
layer. This platinum layer is preferably deposited oh an iridium layer. Other 
preferred bottom electrode structures produced using the DC glow discharge 
include a platinum layer deposited on an iridium oxide layer, a platinum layer 
deposited on a titanium nitride layer, a platinum layer deposited on a titanium oxide 
layer, a platinum layer deposited on a tantalum nitride layer, a platinum layer 
deposited on a tantalum oxide layer, a platinum layer deposited on a tungsten 
silicide layer, and a platinum layer deposited on a tungsten silicon nitride layer. 

In other preferred embodiments, the platinum may be substituted by 
ruthenium in each of the above preferred embodiments to provide Ru, Ru/lr, 
Ru/lrOj, Ru/WSi, or RuAVSlN electrodes. 

In yet other preferred embodiments, the platinum may be substituted by 
iridium to provide Ir, Ir/lrOj, Ir/WSi, or IrAWSiN electrodes. 

The process of making the ferroelectric capacitors includes careful control 
of thermal process conditions. A smooth bottom electrode is formed wherein 
substantially all surface irregularity features on a bottom electrode are rounded and 
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essentially free of acute angles. This smoothness derives from a proper selection 
of electrode materials and anneal temperatures. For example, the need for 
smoothness requires the anneal to be perfonned at a temperature ranging from 
1 80 °C to 500 "C, and this temperature preferably does not exceed 450 °C. 

Ferroelectric capacitors for use in FeRAMs and the like are made using 
liquid precursors. A liquid precursor is deposited on the bottom electrode ta 
provide a precursor film by conventional spin-on, more preferably by LSMCD. The 
precursor film is contains a plurality of metals that are capable of yielding a 
ferroelectric layered superlattice material upon drying and annealing of the 
precursor film. Drying of the precursor film is done at a temperature less than 400 
°C to provide a dried precursor residue. The dried precursor residue is soft baked 
using rapid thermal processing ("RTP") at an RTF temperature ranging from 525 
°C to 675 °C for a period of time ranging from thirty seconds to five minutes. The 
RTP temperature more preferably ranges from 625 °C to 650 °C, and is most 
preferably 650 °C, which is the highest temperature that consistently produces a 
smooth upper surface on the resultant soft baked precursor residue. The soft 
baked precursor residue is annealed in a diffusion furnace under oxygen at an 
anneal temperature ranging from 450 °C to 550 "C for a period of time ranging 
from thirty minutes to five hours. The anneal temperature more preferably ranges 
from 500 °C to 560 °C, and is most preferably 525 °C, which is just barely sufficient 
to crystallize the fen-oelectric layered superlattice material from the soft baked 
precursor residue. 

Other features, objects, and advantages will become apparent to those 
skilled in the art upon reading the detailed description below in combination with - 
the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGURE 1 depicts an idealized conventional ferroelectric polarization 
hysteresis cun/e with reference to conventional nomenclature used to describe 
aspects of the curve; 

FIG. 2 depicts the idealized FIG. 1 curve adjacent other curves 
demonstrating polarization fatigue and polarization imprint problems in the priorart; 
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FIG. 3 depicts a schematic representation of tine problems that memory 
control circuitry faces when the fen-oelectric materials in ferroelectric memories 
degrades due to fatigue and imprint problems; 

FIG. 4 depicts a planar ferroelectric capacitor having essentially smooth 
5 electrodes according to the present invention; 

FIG. 5 depicts a stacked ferroelectric capacitor having essentially smooth 
electrodes according to the present invention; 

FIG. 6 depicts a circuit diagram of an integrated circuit memory which is 
a preferred use of the ferroelectric capacitors shown in FIGS. 4 or 5: 
10 FIG. 7 depicts a circuit diagram of an individual integrated circuit 

nonvolatile memory cell such as may be used in the memory of FIG. 6 and 
utilizing the ferroelectric capacitor of FIG. 4; 

FIG. 8 depicts a circuit diagram of an individual integrated circuit 
nonvolatile memory cell such as may be used in the memory of FIG. 6 and 
15 utilizing the ferroelectric capacitor of FIG. 5; 

FIG. 9 depicts a layered construction showing an individual planar 
ferroelectric memory cell implemented in an integrated circuit memory 
corresponding to FIG. 7; 

FIG. 10 depicts a layered construction showing how individual stacked 
20 ferroelectric memory cells may be implemented in an integrated circuit memory 
corresponding to FIG 8; 

FIG. 1 1 depicts a schematic process diagram for use in making a memory 
cell corresponding to the layered constaiction of FIGS. 9 and 10; 

FIG. 12 depicts refractive index data obtained from samples of DC ' 
25 magnetron sputter-deposited iridium using a camier gas mixture including argon 
and oxygen of which oxygen partial pressure is 25%, 50%, 75%. and 100% forthe 
respective samples with additional comparison of the effects due to variations in 
anneal temperature from 400°C to 800°C; 

FIG. 13 depicts data including sheet resistance measurements and 
30 morphology observations on the DC-sputter deposited films corresponding to 
the 25%, 50%, 75%, and 100% oxygen samples of FIG. 12 with additional 
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comparison of the effects due to variations in anneal temperature from 400°C to 
800°C ; 

FIG. 14 depicts refractive index data obtained from DC magnetron sputter- 
deposited iridium using a carrier gas mixture including argon and nitrogen of wliich 
nitrogen partial pressure is 0%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 
90%, and 100% for the respective samples with additional comparison of the 
effects due to variations in anneal temperature from 400 -C to 800°C: 

FIG. 15 depicts polarization hysteresis data obtained from a sample 
including iridium oxide / ferroelectric layer / iridium oxide / silicon oxide atop a 
silicon substrate; 

FIG. 16 depicts polarization hysteresis data obtained from a sample 
including iridium oxide / platinum / ferroelectric layer / platinum / iridium oxide / 
silicon oxide atop a silicon substrate; 

FIG. 17 depicts polarization hysteresis data obtained from a sample 
including iridium oxide / iridium / ferroelectric layer / iridium / iridium oxide / silicon 
oxide atop silicon substrate; 

FIG. 18 depicts a summary of the remanent polarization data obtained from 
the three samples corresponding to FIGS. 15, 16, and 17; 

FIG. 19 depicts an overlay comparison of polarization hysteresis curves that 
were obtained from the sample of layered superiattice material corresponding to 
FIG. 15 atone switching cycle and 10'° cycles, respectively; 

FIG. 20 depicts a polarization fatigue endurance curve that was obtained 
from the sample corresponding to FIG. 15 between one and 10'° cycles; 

FIG. 21 depicts an overlay comparison of polarization hysteresis cup»/es that - 
were obtained from the sample of layered superiattice material con-esponding to 
FIG. 16 at one switching cycle and 10^" cycles, respectively; 

FIG. 22 depicts a polarization fatigue endurance curve that was obtained 
from the sample corresponding to FIG. 16 between one and 10" cycles; 

FIG. 23 depicts an overiay comparison of polarization hysteresis curves that 
were obtained from the sample of layered superiattice material corresponding to 
FIG. 17 at one switching cycle and 10'° cycles, respectively; 
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FIG. 24 depicts a polarization fatigue endurance curve that was obtained 
from the sample corresponding to FIG. 17 between one and 10'° cycles; 

FIG. 25 depicts a summary of remanent polarization data obtained from the 
three samples corresponding to FIGS. 20, 22, and 24. 

FIG. 26 depicts a summary of V„„,„ values representing imprint that have 
been normalized by an initial value of coercive field for three samples- 
corresponding to FIGS. 19, 21, and 23; 

FIG. 27 depicts an overlay comparison of polarization fatigue endurance 
curve obtained from stacked sequence including indium oxide / iridium / 
ferroelectric layer / iridium / Iridium oxide / poly-silicon / silicon oxide atop a silicon 
substrate at one switching cycle and 10"* cycles; 

FIG. 28 depicts a polarization fatigue endurance switching curve obtained 
from the sample of layered superiattice material corresponding to FIG. 27 between 
one and 10'° cycles; 

FIG. 29 depicts a polarization fatigue endurance curve obtained from a 
layered superiattice material interposed between a pair of platinum oxide 
electrodes that were deposited by DC sputtering in a reactive carrier gas mixture 
containing a 12.5% partial pressure of oxygen and an 87.5% partial pressure of 
argon; 

FIG. 30 depicts an overiay comparison of polarization hysteresis curves 
con-esponding to measurements depicted in FIG. 29 at one switching cycle and 
10'" cycles; 

FIG. 31 depicts a polarization fatigue endurance curve obtained from a 
layered superiattice materia! interposed between a pair of platinum oxide 
electrodes that were deposited by DC sputtering in a reactive carrier gas mixture 
containing a 0% partial pressure of oxygen and a 100% partial pressure of argon; 

FIG. 32 depicts a polarization fatigue endurance curve obtained from a 
layered superiattice material interposed between a pair of platinum oxide 
electrodes that were deposited by DC sputtering in a reactive carrier gas mixture 
containing a 25% partial pressure of oxygen and a 75% partial pressure of argon; 

FIG. 33 depicts a polarization fatigue endurance cun/e obtained from a 
layered superiattice material interposed between a pair of platinum oxide 
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electrodes that were deposited by DC sputtering in a reactive carrier gas mixture 
containing a 50% partial pressure of oxygen and a 50% partial pressure of argon; 

FIG. 34 depicts a polarization fatigue endurance curve obtained from a 
layered superlattice material interposed between a pair of platinum oxide 
electrodes that were deposited by DC sputtering in a reactive carrier gas mixture 
containing a 75% partial pressure of oxygen and a 25% partial pressure of argon; 

FIG. 35 presents auger electron spectroscopic data taken from a sample 
corresponding to the sample of FIG. 31 ; 

FIG. 36 presents secondary ion mass spectroscopic data taken from a 
sample corresponding to the sample of FIG. 31; 

FIG. 37 presents a transmission electron microscopic photograph taken 
from a-sample corresponding to the sample of FIG. 31; 

FIG. 38 presents auger electron spectroscopic data taken from a sample 
corresponding to the sample of FIG. 29; 

FIG. 39 presents secondary ion mass spectroscopic data taken from a 
sample corresponding to the sample of FIG. 29; 

FIG. 40 presents a transmission electron microscopic photograph taken 
from a sample corresponding to the sample of FIG. 29; 

FIG. 41 presents auger electron spectroscopic data taken from a sample 
corresponding to the sample of FIG. 32; 

FIG. 42 presents secondary ion mass spectroscopic data taken from a 
sample corresponding to the sample of FIG. 32; 

FIG. 43 presents a transmission electron microscopic photograph taken 
from a sample corresponding to the sample of FIG. 32; 

FIG. 44 presents auger electron spectroscopic data taken from a sample 
corresponding to the sample of FIG. 33; 

FIG. 45 presents secondary ion mass spectroscopic data taken from a 
sample corresponding to the sample of FIG. 33; 

FIG. 46 presents a transmission electron microscopic photograph taken 
from a sample corresponding to the sample of FIG. 33; 

FIG. 47 presents auger electron spectroscopic data taken from a sample 
con-esponding to the sample of FIG. 34; 
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FIG. 48 presents secondary ion mass spectroscopic data taken from a 
sample corresponding to the sample of FIG. 34; 

FIG. 49 presents a transmission electron microscopic photograph taken 
from a sample corresponding to the sample of FiG. 34; 

FIG. 50 depicts a deposition rate curve for liquid deposition of a layered 
superlattice material; 

FIG. 51 presents a comparison showing improvement in memory retention 
time by use of the present invention including smooth electrodes and an ultra thin 
layered superlattice ferroelectric film versus a thicker thin film device that was 
made by prior art methods; and 

FIG. 52 presents a comparison showing improvement in time dependent 
dIelectFic breakdown data by use of the present invention including smooth 
electrodes and a layered superlattice ferroelectric film made by liquid source 
misted chemical deposition versus the same thick film device that was made by 
spin-on method. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 
A ferroelectric capacitor device including DC sputter-deposited materials. 

FIG. 4 depicts a preferred ferroelectric capacitor 400 according to the 
present invention. Ferroelectric capacitor 400 is used as planar memory cell, A 
conventional wafer 402 supports ferroelectric capacitor 400, and is preferably a 
silicon wafer, but may also be any other conventional material including at least 
indium antimonide, magnesium oxide, strontium titanate, sapphire, quartz, ruby, 
gallium arsenide, and combinations of these materials. A first isolation layer 404 
of silicon dioxide, e.g., at least about 200 nm thick, is preferably formed atop a 
silicon wafer 402. An adhesion layer 406 is made of iridium, iridium oxide, 
ruthenium, ruthenium oxide, tantalum, tantalum oxide, titanium, or titanium oxide 
which is also preferably about 100 nm thick. A first conductive film 410 about 300 
nm thick is made of platinum, palladium, rhodium, iridium, njthenium, platinum 
oxide, palladium oxide, rhodium oxide, iridium oxide, or ruthenium oxide. 

Layers 406 and 4 1 0 comprise a bottom electrode 412, which presents a first 
smooth upper surface 414 having a plurality of surface irregularities, e.g., 
irregularities 415 and 418. A surface in-egularity is hereby defined as a structural 
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feature on the surface of an electrode breaking what would, otherwise, be a 
smooth and uninterrupted flow of the electrode according to an intended contour. 
Examples of surface features include sharp or acute hillocks, small rounded 
mounds, and small rounded pits, In what is intended to be an essentially planar 
electrode surface. The thin film surface features or irregularities are visible at high 
magnification under scanning electron microscopic observation. The surface 
irregularities 416 and 418 are all rounded and essentially free of acute angles of 
the type that may be observed in hillocks on conventional Pt / Ti electrodes. 
Electrode smoothness is especially needed for preventing spikes on the bottom 
electrode 412 from causing shorts through fen-oelectric capacitor 400. 

A thin film ferroelectric layered superlattice material layer 420 contacts first 
smooth surface 414. Substantially none of the surface in-egularities 416 and 418 
on first smooth surface 414 protrude vertically towards ferroelectric layer 420 a 
distance greater than twenty percent of the vertical thickness in the layer 420. It 
Is even more preferable thatthese surface irregularities protrude less than fourteen 
percent. 

A top electrode 422 is comprised of a second conductive film 424 and an 
optional adhesion layer 426. Layers 424 and 426 are each DC-sputter deposited 
by methods according to the present invention that provide exceptional 
smoothness in the top electrode. The second conductive film 424 is preferably 
about 200 nm to 300 nm thick and is preferably made of platinum, palladium, 
rhodium, iridium, ruthenium, platinum oxide, palladium oxide, rhodium oxide, 
iridium oxide, or ruthenium oxide. Adhesion layer 426 is made of titanium oxide, 
tantalum oxide, palladium, palladium oxide, rhodium, rhodium oxide, iridium, - 
iridium oxide, ruthenium, or ruthenium oxide which is preferably about 100 nm 
thick. 

Ferroelectric layer 420 presents a second smooth surface 428 having a 
plurality of associated surface irregularities, e.g., irregularity 430. The surface 
in-egularities 430 are all rounded and essentially free of acute angles of the type 
that may be observed in ferroelectric capacitors that are not processed by methods 
according to the present invention. Substantially none of the surface features 416 
and 418 on first smooth surface 414 protrude vertically towards ferroelectric layer 
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420 a distance greater than twenty percent of the vertical thicl^ness in the layer 
420. Ferroelectric Iayer420 conforms to first surface 414 and second surface 428 
at the corresponding contact interfaces between ferroelectric layer 420, bottom 
electrode 412 and top electrode 422. 

Ferroelectric capacitor device 400 forms part of an integrated memory 
circuit in the intended environment of use. Those skilled in the art understand that 
ferroelectric capacitor devices of the type shown in Fig. 4 have additional uses 
including use as fen-oelectric transistor gates and logic circuits. 

FIG. 5, depicts a ferroelectric capacitor 500 is used as stacked memory cell. 
In FIG. 5, identical numbering has been retained for identical components with 
respect to FIG. 4. A contact hole 502 is formed through oxide layer 404 by ion 
etching or other techniques to expose wafer 402. A polysilicon plug 504 is formed 
to fill the contact hole by conventional chemical vapor deposition of poly-silicon and 
isotropic ion etching. A diffusion barrier layer 506 of about 150 nm thick titanium 
nitride, tungsten silicide, tungsten silicon nitride, iridium, or iridium oxide is formed 
over the poly-silicon plug 504. A first conductive film 410 about 250 nm thick is 
made of platinum, iridium, ruthenium, platinum oxide, iridium oxide, or ruthenium 
oxide. 

Special Deposition of a Liquid Precursor to Elimiriate Defects in the 
Ferroelectric Layer 420 

In the process of making capacitors 400 and 500, as depicted in FIGS. 4 
and 5, a liquid precursor is deposited on the bottom electrode 412 to provide a 
precursor film by conventional spin-on, more preferably by liquid source misted 
chemical deposition ("LSMCD") that is the deposition technique depositing a 
liquid precursor film with rotating the wafer at 15 rpm while a venturi-type 
atomizer is used to form mist and then introduced Into deposition chamber by 
carrier gas of nitrogen after charging the mist by corona system using oxygen 
gas with 4 kV of high voltage. The precursor film by LSMCD is capable of 
eliminating any clusters or porosity inclusions in a ferroelectric layered superlattice 
material upon deposition of the precursor film. The LSMCD technique is sufficient 
to avoid transfer of clusters from the liquid precursor into the precursor film and to 
prevent porosity fonmation inside of the precursor film. 
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Special Processing of a Liquid Precursor to Enhance Smoothness of the 
Second Smooth Surface 428 

In the process of making capacitors 400 and 500, as depicted in FIGS. 4 
and 5, a liquid precursor is capable of yielding a ferroelectric layered superlattice 
material upon drying and annealing of the precursor film. Drying of the precursor 
film is done at a temperature less than 400 °C to provide a dried precursor residue. - 
The dried precursor residue is soft baked using rapid thermal processing ("RTF") 
at an RTP temperature ranging from 525 °C to 675 °C for a period of time ranging 
from thirty seconds to five minutes. The RTP temperature more preferably ranges 
from 625 °C to 650 °C, and is most preferably 650 °C, w/hich is the highest 
temperature that consistently produces a smooth upper surface 428 on the 
resultant soft baked precursor residue. The soft baked precursor residue is 
annealed in a diffusion furnace under oxygen at an anneal temperature ranging 
from 450 °C to 550 °C. The anneal temperature more preferably ranges from 500 
°C to 560 °C, and is most preferably 525 "C, which is just barely sufficient to 
crystallize the ferroelectric layered superiattice material from the soft baked 
precursor residue. 

Dimensional Restrictions on Surface Irregularities 

There are two main reasons why the surface irregularities 416, 416, and 
430 should not protrude into ferroelectric layer 420 a distance greaterthan twenty 
percent of the thickness in the fen-oelectric layer 420. The first reason involves 
breakdown voltage. The layered superlattice materials that have been studied 
thus far have breakdown voltages of about one MV/cm, i.e., from 0.9 MV/cm to 1 .1 
MV/cm. Thus, about 10 nm of layered superiattice material are needed to 
withstand 1 V without breakdown. It follows that two irregularities could be 
superposed over one another between the electrodes, e.g., as surface irregularity 
430 in substantial alignment with surface irregularity 416. Complete polarization 
of ferroelectric Iayer420 cannot happen if breakdown occurs. Thus, at least 1 5 nm 
of layered superiattice material are needed to withstand a 1 .5 V potential between 
electrodes 412 and 422. A 50 nm thick ferroelectric layer 420 that Is designed to 
operate at 3 V requires a 30 nm thickness. Thus, a hillock can protrude only 20 
nm into ferroelectric layer 420. The 20 nm thickness equals forty percent (20/50 
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= 40%) of the 50 nm thickness in layer 420. About half of this value, i.e., twenty 
percent, is required for each electrode because the surface irregularities may be 
in vertical alignment across the respective electrodes. 

Another example is a 40 nm thick ferroelectric layer 420 that is designed to 
operate at 1.5 V requires a 15 nm thickness. Thus, a hillock can protrude only 25 
nm into ferroelectric layer 420. The 15 nm dimension equals thirty eight percent 
(15/40 = 38%) of the 40 nm thickness in layer 420. About half of this value, i.e., 
twenty percent, is required for each electrode because the surface irregularities 
may be in vertical alignment across the respective electrodes. 

Yet another example is a 30 nm thick ferroelectric layer 420 that is designed 
to operate at 1 V requires a 10 nm thickness. Thus, a hillock can protrude only 20 
nm into ferroelectric layer 420. The 10 nm equals thirty three percent (10/30 = 
33%) of the 30 nm thickness in layer 420. About half of this value, i.e., twenty 
percent, is required for each electrode because the surface irregularities may be 
in vertical alignment across the respective electrodes. 

The second reason or need for dimensional restrictions on surface 
irregularites involves a need to avoid imprinting ferroelectric layer 420. It has been 
determined from qualitative scanning electron microscopic data that surface 
irregularities of larger height have a greater effect in imprinting ferroelectric layers, 
such as ferroelectric layer 420, which contact electrodes having these large 
surface irregularities. Thus, the requirement that surface irregularities on each 
electrode protrude less than twenty percent into ferroelectric layer 420 is more 
preferably less than fourteen percent and even more preferably less than seven 
percent, though it is difficult to make seven percent electrodes for use with 30 nm ■ 
and 40 nm thick ferroelectric layers 420. 

Ferroelectric Memory Devices Including the Ferroelectric Capacitors of FIGS. 
4 or 5 

FIG. 6 is a blockdiagram illustrating an exemplary integrated circuit memory 
600 in which ferroelectric switching capacitors made with the materials of the 
invention are utilized. For simplicity, the embodiment shown is for a 16 kilobit ("16 
K") FEFWiM; however the material may be utilized in a wide variety of sizes and 
types of memories, both destructive read-out and non-destructive read-out. In the 
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16K embodiment shown, there are seven address input lines 602 which connect 
to a row address register 604 and a column address register 606. The row address 
register 604 is connected to a row decoder 608 via seven lines 610, and the 
column address register 606 is connected to a column decoder/data input/output 
multiplexer 612 via seven lines 614. The row decoder 608 is connected to a 128 
X 128 memory cell array 616 via 128 lines 618, and the column decoder/data 
input/ output multiplexer 61 2 is connected to the sense amplifiers 620 and memory 
cell array 616 via 128 lines 622. A RAS" signal line 624 is connected to the row 
address register 604, row decoder 608, and column decoder/data input/output 
multiplexer 612, while a CAS" signal line 626 is connected to the column address 
register 606 and column decoder/data input/output multiplexer 612. (In the 
discussion herein, a ' indicates the inverse of a signal.) An input/output data line 
628 is connected to the column decoder/data input/output multiplexer 612. 
Memory cell array 616 contains 128 x 128 = 16,384 memory cells, which are 
conventionally designated as 1 6K. These cells are ferroelectric switching capacitor- 
based cells according to the present invention. 

FIG. 7 depicts a ferroelectric planarcapacitor-based switching cell 700. Cell 
700 includes two electrically interconnected electrical devices, namely, a transistor 
702 and a ferroelectric switching capacitor 400. The gate 706 of transistor 702 is 
connected to line 618A that is generally called "word line", which is connected to 
one of the lines 618 (see FIG. 6). Source/drain 708/710 of transistor 702 is 
connected to line 622A that is generally called "bit line", which is connected to one 
of the lines 622. 

In FIG. 7 where planar-type memory cells are used as shown in FIG. 4, the - 
source/drain 710 of transistor 702 is connected to top electrode 422 of switching 
capacitor 400 and the bottom electrode 412 of switching capacitor 400 is 
connected to line 716 which is connected to a reference voltage V^^,. 

FIG. 8 depicts a ferroelectric stacked-type capacitor-based switching cell 
800 incorporating a stacked capacitor 500 of the type shown in FIG. 5. In FIG. 8, 
identical numbering has been retained for identical features with respect to FIG. 
7. According to FIG. 8, source/drain 710 of transistor 602 is connected to bottom 
electrode 412 of switching capacitor 500 and the top electrode 422 of switching 
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capacitor 500 is connected to line 716 which is connected to a reference voltage 
V„,. Thus, the positions of electrodes 412 and 422 are inverted in FIG. 8 with 
respect to those electrodes in FIG. 7. 

FIG. 9 depicts memory cell 700 fabricated as an integrated circuit FERAM 
according to a midsectional view of the thin film structure. In FIG. 9, like 
numbering of identical items has been retained with respect to FIGS. 4, 6, and 7._ 
A planar capacitor 400 includes a thin film ferroelectric layer 420, as shown in FIG. 
4. Wafer 402 is doped by conventional means to provide source/drain regions 
708 and 710. Layers 406 and 900 are additional isolation layers that are 
preferably made of spin-on glass, or other phosphorous-doped, borophosphorous- 
doped or non-doped silicon dioxide. Bottom electrode 412 is constructed as 
described in the discussion of FIG. 4. Bit line 622A and word line 51 8A connected 
to gate 706 (not depicted in FIG. 9) are each preferably made of aluminum, more 
preferably aluminum over stacked diffusion barrier metal of titanium nitride atop 
titanium (Ai / TIN /Ti stacked layer), or most preferably aluminum, over stacked 
diffusion barrier metal of titanium nitride atop titanium, and covered by anti- 
reflective layer titanium nitride for photo mask processing (30 nm / 800 nm / 150 
nm / 25 nm thick TiN / AI / TIN / Ti stacked layer). Bit line 622A is partially within 
corresponding contact holes 902. 

FIG. 10 depicts the stacked memory cell 800 fabricated as an integrated 
circuit FEF?AM according to a midsectional view of the thin film structure. In FIG. 
10, like numbering of identical items has been retained with respect to FIGS. 5. 6, 
7, 8, and 9. Layer 1000 is an isolation layer that is preferably made of the same 
material as layer 900. 

Memory Read, Write, and Sense Operations. 

The operation of the memory in FIGS. 4-8 is as follows. Row address 
signals Aj through Aj (see FIG. 6) and column address signals Ay through A, 3 
placed on lines 602 are multiplexed by address registers 604 and 606 utilizing the 
RAS' and CAS* signals via lines 624 and 626, and passed to the row decoder 608 
and column decoder/data input/output multiplexer 612, respectively. The row 
decoder 608 places a high signal on the one of the word lines 618 that is 
addressed. The column decoder/data input/output multiplexer 612 either places 
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the data signal which is input on line 628 on the one of the bit lines 622 
corresponding to the column address, or outputs on the data line 628 the signal 
on the one of the bit lines 622 corresponding to the column address, depending 
on whether the function is a write or read function. As is known in the art, the read 
function is triggered when the RAS' signal precedes the CAS" signal, and the write 
function is triggered when the CAS' signal comes before the RAS" signal. The- 
transistors 702 in the respective cells 700 and 800 connected to the word line that 
is driven to high voltage turn on, permitting the data signal on the bit line 622A to 
be read Into the capacitors 400 or 500 or the signal on the capacitors 400 or 500 
to be output on the bit line 622A, depending on whether the read or write function 
is implemented. As is well-known in the art, the sense amplifiers 620 are located 
along lines 622 to amplify the signals on the lines. Other logic required or useful 
to carry out the functions outlined above, as well as other known memory 
functions, is also included in the memories 700 or 800, but is not shown or 
discussed as it is not directly applicable to the invention. 

As outlined above, the RAS" and CAS' lines 624 and 626; registers 604 and 
606; the decoder 608; column decoder/data Input/output multiplexer 612; and the 
transistor 702 comprise an information write means 718 (see FIGS. 7 and 8) for 
placing the memory cells 700 and 800, respectively, in a first memory state or a 
second memory state depending upon information input to the memory on data 
line 628. The first memory cell state corresponds to layer 420 of ferroelectric 
material being in a first polarization state, and the second memory cell state 
corresponds to the layer 420 being in a second polarization state. These 
components plus the sense amplifier 620 comprise an information read means 720 
for sensing the state of memory cells 700 and 800 and providing an electrical 
signal corresponding to the sensed state. The necessity of sensing the 
polarization state of thin film ferroelectric Iayer420 causes information read means 
720 to subject thin film ferroelectric layer 420 to repeat unidirectional voltage 
pulses. 

A Generalized Process Schematic for Making a Ferroelectric Memory Device. 

FIG. 11 depicts a schematic process diagram of process P1 100 for 
fabricating memory cells 700 or 800 according to the present invention. In step 
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P1 102, wafer 402 (see FIGS. 4 and 5) is made ready by conventional means to 
receive bottom electrode 412. Accordingly, a silicon wafer 402 may be heated in 
an oxygen diffusion furnace to grow oxide layer 404. A diffusion or contact hole 
502 may be formed through oxide layer 404 by ion etching or other techniques to 
expose wafer 402, which is then n or p-doped by conventional means to provide 
source/drain regions 708 and 710. Transistor gate 706 is fomied by conventional- 
means. Isolation layer 406 may be deposited as spin-on glass or other 
borophosphorous-doped, phosphorous-doped or non-doped silicon dioxide by 
conventional chemical vapor deposition. 

Only for a stacked-type ferroelectric memory cell 800 shown in FIG. 10, 
contact holes 502 and 902 may be formed through isolation layer 900 by ion 
etching or other techniques to expose wafer 402. Bit line 622A and poly-silicon 
plug 504 are formed in the contact holes 502 and 902 by conventional means. 

Bottom electrode 412 is formed in step P1104. Adhesion layer 406 is 
formed by DC sputtering iridium, iridium oxide, ruthenium, ruthenium oxide, 
tantalum, tantalum oxide, titanium, or titanium oxide, to a thickness ranging from 
50 nm to 150 nm in cases where planar ferroelectric cells 400 are used as shown 
in FIGS. 4 and 9. The sputterdeposited material is optionally treated by an oxygen 
anneal in a diffusion furnace at 500 °C to 700 °C for a minimum of one hour 
including a twenty two minute ramp into the furnace and a twenty two minute ramp 
out of the furnace. 

In case that stacked ferroelectric cells 500 are used, as shown in FIGS. 5 
and 10, diffusion bamer layer 408 is formed by DC-sputtering titanium nitride, 
titanium tungsten, tungsten silicide, tungsten silicon nitride, tantalum silicide, - 
tantalum silicon nitride, palladium, palladium oxide, rhodium, rhodium oxide, 
iridiurri, iridium oxide, ruthenium, or ruthenium oxide to a thickness ranging from 
100 nmto 150 nm. The sputterdeposited material maybe subjected to a nitrogen 
or oxygen anneal in a diffusion furnace at 400 °C to 700 °C for a minimum of two 
hours including a twenty two minute ramp into the furnace and a twenty two minute 
ramp out of the furnace. 

The first conductive film 410 is deposited atop the corresponding isolation 
layer 406 or the barrier layer 408. Deposition preferably occurs by DC-sputtering 
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of platinum, palladium, rhodium, iridium, ruthenium, platinum oxide, palladium 
oxide, rhodium oxide, iridium oxide, or ruthenium oxide to a thickness of 300 nm. 

By way of example, suitable sputtering equipment for use in step P1104 
includes sputtering equipment made by UNIIFILM TECHNOLOGY, of which the 
model number is PVD-300. Conventional DC- magnetron sputtering manufactured 
byANELVA CORPORATION (model number; ILC-1051orequivalent)or APPLIED. 
MATERIALS , INC (model number; Endura SSOO-PVD or equivalent) are more 
preferred. 

The DC-magnetron sputtering process uses a reactive plasma carrier gas 
mixture comprising a combination of a nobie gas and a reactive gas species at 
pressure less than lO'^Torr. The most preferred noble gas is argon due to its low 
reactivity and relatively low cost. The most preferred reactive gas species are 
nitrogen and oxygen. Nitrogen may be used at a partial pressure of up to seventy 
percent of the carrier gas mixture. It Is more preferred to use a partial pressure of 
nitrogen ranging from ten to fifty percent. Oxygen may be used at up to one 
hundred percent of the carrier gas mixture, but better results are obtained when 
the partial pressure of oxygen is equal to or less than seventy five percent. It is 
most preferred to use a partial pressure of oxygen ranging from five to sixty 
percent. 

Step P1 106 includes the preparation of a liquid precursor. Thin film 
ferroelectric layer 420 (see FIGS. 4 and 5) is preferably formed using a liquid 
deposition process, such as the process described in U.S. patent number 
5,423,285. It is preferred to use a metal alkoxycarboxylate precursor that is 
prepared according to the reactions: 

(2) alkoxides - M"" + n R-OH -> M(-0-R)„ + n/2 H^; 

(3) carboxylates - M*" + n (R-COOH) ~> M(-OOC-R)„ + n/2 H^: and 

(4) alkoxycarboxylates - M(-0-R')„ + b R-COOH + heat -> 

(R'-0-)„^M(-00C-R)^ + b HOR; 

(5) (R-COO-),IVl(-0-C-R'), + M'(-0-C-R")[, — > 

(R-C00-),M(-0-M'{-0-C-R")j,,)3 + a R'-C-O-C-R"; and 

(6) (R-C00-),M(-0-C-R')3 + X M'(-0-C-R"), — > 

(R'-C-0-)3M(-0-M'(-0-C-R"),.,), + X R-COO-C-R", 



-25- 



wo 00/01000 



5 where M is a metal cation having a charge of n; b is a number of moles of 

carboxylic acid ranging from 0 to n; R' is preferably an all<yl group having from 
4 to 15 carbon atoms; R is an alkyl group having from 3 to 9 carbon atoms; R" 
is an all<yl group preferably having from about zero to sixteen carbons; and a, 
5 b, and x are integers denoting relative quantities of corresponding substituents 
that satisfy the respective valence states of M and M'. M and M' are preferably 
selected from the group consisting of strontium, bismuth; niobium and tantalum. 

15 The exemplary discussion of the reaction process given above is generalized 

and, therefore, non-limiting. The specific reactions that occur depend on the 
10 metals, alcohols, and carboxylic acids used, as well as the amount of heat that 
is applied. 

A reaction mixture including an alcohol, a carboxylic acid, and the metals, 
is refluxed at a temperature ranging from about 70 °C to 200 °C for one to two 
days, in order to facilitate the reactions. The reaction mixture is then distilled 

25 15 at a temperature above 100 °C to eliminate water and short chain esters from 

solution. The alcohol is preferably 2-methoxyethanol or 2-methoxypropanol. 
The carboxylic acid is preferably 2-ethylhexanoic acid. The reaction is 
preferably conducted in a xylene or n-octane solvent. The reaction products are 

^° diluted to a molarity that will yield from 0.1 to 0.3 moles of the desired layered 

20 superlattice material per liter of solution. The most preferred solutions have a 
molarity ranging from 0.10 to 0.13 moles per liter. 

35 The layered superiattice materials that derive from step P1 106 work best 

in their intended environment of use if the liquid precursor solutions are mixed 
to include an excess bismuth amount of at least five to ten percent. Some- 
25 bismuth volatilization losses occur during the anneal steps P1116 and P1120. 

^ Other advantages of excess bismuth include the compensation of lattice 

defects. Thin film fen-oelectric layered superiattice materials for use in 
ferroelectric layer 420 have been prepared to include stoichiometric excess 
bismuth amounts of 100 percent and more. These materials are ferroelectric, 
30 but can show reduced polarization unless the excess bismuth amounts are kept 
within the range from about 5 % to 10 % of the amount of bismuth that is 
required to satisfy the Smolenskii class A formula which is shown above. The 

50 
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solutions yield layered superlattice materials having metals in proportion to the 
metals in the precursor solution less volatilization losses from the anneal. 
Accordingly, the precursor solutions may be prepared with more or less than a 
stoichiometric mixture of A-site and B-site materials according to the Smolenskii 
formula. For example, a solution may be prepared with excess bismuth and 
excess tantalum B-site metai. The solutions may also include mixtures of- 
multiple A-site and multiple B-site metals, e.g., as in strontium bismuth niobium 
tantalate. 

Other ferroelectric materials including barium strontium titanate and lead 
zirconium titanate may be produced from liquid precursor for use in the present 
invention; however, these other ferroelectrics typically cannot be used in ultra 
thin layers due to the formation of defects or other problems that develop in 
ultra thin configurations less than about 100 nm thick. Furthermore, these other 
materials can show decreasing polarization and fatigue endurance with 
decreasing thickness, but the opposite case of increasing polarization with 
decreasing thickness can be true of layered superlattice materials. Therefore, 
the ability to produce smooth electrodes by DC sputtering processes according 
to the present invention is less critical for other ferroelectrics than for layered 
superlattice materials. 

In step P1108, the precursor solution from step P1105 is applied to the 
substrate from step P1104, which presents the uppermost suri^ace 414 of bottom 
electrode 4 1 2 for receipt of thin film ferroelectric layer 420. Application of the liquid 
precursor is preferably conducted by dropping two to five ml of the liquid precursor 
solution at ambient temperature and pressure onto the uppermost surface of 
electrode 412 and then spinning wafer 402 to remove any excess solution and 
leave a thin-film liquid residue. For spin-on depositions, it is possible to vary the 
spin rate and the solution molarity to adjust the thickness of the liquid precursor 
solution film that resides on the bottom electrode 41 2. A detailed example of step 
P1 106 is provided below as Example 1. Preferably, the liquid precursor is applied 
by a liquid source misted chemical deposition ("LSMCD") technique. 

Particularly preferred methods of liquid deposition include deposition of 
misted aerosols with ultraviolet curing of the resultant liquid thin film on the 
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substrate, as described in McMillan et al. US Patent No. 5,456,945, or as may be 
accomplished through commercially available liquid source misted chemical 
deposition machines, such as the PrimaxxZF Standalone LSMCD System made 
by Submicron Systems Corporation of Allentown, Pennsylvania. These machines 
use a single source liquid having a stoichiometrically correct representation of 
metals corresponding to the desired metal oxide. The liquid is misted into colloidal, 
size particles to forni an aerosol mist in an inert earner gas. The mist particle 
diameters preferably have a normal distribution betw/een about 50 to 500 nm with 
a mode at about 170 nm coinciding with about 5.5 X 10' particles. The mist is 
transferred into a vacuum deposition chamber and deposited evenly overa rotating 
substrate. Ultraviolet radiation is used to facilitate decomposition of the liquid 
precursor mist and the liquid precursor film on the rotating substrate. It has been 
observed that ferroelectric films that are formed using liquid source misted 
chemical deposition have fewer defects, better stepcoverage, and smootherupper 
surfaces than films formed using spin-on deposition. Alternatively, the liquid 
precursor may be applied by a chemical vapor deposition technique with metal 
organic source materials. 

In step P1110, the precursor film from step P1108 is dried to remove 
solvent and other volatile organics. The precursor is dried on a hot plate in a dry 
air atmosphere and at a temperature of from about 150 °C to 400 °C for a 
sufficient time duration to remove substantially organic materials from the liquid 
thin film and leave a dried precursor residue. This period of time is preferably 
from about one minute to about thirty minutes. The most preferred drying 
conditions provide a two stage drying that is performed first at 150 °C for two 
minutes then al 260 °C for four minutes. 

Step P1 112 includes soft baking the dried precursor residue from step 
P1 110 at a greater temperature than was used in step P1 110. The soft bake 
preferably includes placement of the wafer under a conventional RTP halogen 
lamp at 525 °Cto675 °Cfor a time duration of from thirty seconds to five minutes. 
The most preferred RTP condition is 650 °C for sixty seconds. These RTP 
conditions assure that the soft-baked precursor residue will have a smooth 
uppermost surface prior to deposition of top electrode 422. In contrast. 
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photomicrographs of precursor residue that was soft-baked at 725 °C show an 
unacceptably rough upper surface having a large proportion of hillocl< structures 
and large-scale surface irregularities greater than 40 nm In height. 

As an alternative to 650 °C RTP in step P1 1 12, the wafer may be soft baked 
In a diffusion furnace at 650 °C for ten minutes or so including four minute ramps 
into and out of the furnace, but this method sometimes produces an unsatisfactory, 
or rough soft baked residue. The soft bake step P1 1 12 Is essential in obtaining 
predictable or repeatable electronic properties in the crystalline compositions 
to be derived from process P1100. 

The following working example shows the parameters that were used to 
develop the ideal conditions for spin-on deposition. It was determined that 1300 
rpm was the ideal rate for deposition of a 0.12 moles per liter precursor solution 
made of metal 2-ethylhexanoates and xylenes. 

EXAMPLE 1 

MATERIALS THICKNESSES DERIVED FROM SPIN-ON PROCESS 

A 0.2 moles per liter solution was prepared on commercial order from 
Hughes Technical Services of Vienna, Virginia, to yield SrBi2.e,(Nbo66Tai ssPme^ 
, and included strontium, bismuth, niobium, and tantalum 2-elthyhexanaotes in 
xylenes. An eyedropper was used to place a 2 ml aliquot of this solution onto a 
wafer spinning at 1300 rpm to provide a film of the precursor solution. The 
resultant film was dried first on a 150 °C hot plate for two minutes, then on a 260 
°C hot plate for four minutes to leave a 239.9 nm thick residue that shrank to a 
thickness of 160 nm when soft-baked under RTP at 650 °C for sixty seconds. 
Thicknesses were measured using an ellipsometer made by Gaertner Scientific " 
Corporation, of which model number is L-1 04SA. The solution was diluted with n- 
butyl acetate to 0.12 moles per liter and other spin-on velocities were tried. Table 
1 below includes a summary of spin-on conditions for other films together with an 
indication of whether the films cracked when exposed to 650 "C RTP for sixty 
seconds. 
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TABLE 1 



Sample 


RPM 


Solution 
Molarity 


Thickness 
after drying 
nm 


Thickness 
After RTP 
nm 


Cracked? 
(Yes/No) 


A 


1300 


0.2 


239.9 


160 


Yes 


B 


1000 


0.2 


252.7 


177.3 


Yes 


C 


800 


0.2 


259.0 


196.9 


Yes 


D 


700 


0.2 


259.2 


201.3 


Yes 


E 


1300 


0.16 


163.3 


Not measured 


No 


F 


1300 


0.14 


145.2 


Not measured 


No 


G 


1300 


0.12 


131.4 


Not measured 


No 



In step P1 1 14, if the resultant soft baked precursor residue from step P1 112 
is not the desired thickness, then steps P1108, P1110 and P1112 are repeated 
until the desired thickness is obtained. A thickness of about 150 nm to 180 nm 
typically requires two coats of a 0.1 2 moles per liter solution under the parameters 
disclosed herein. 

In step P1116, the soft-baked precursor residue is annealed to form 
ferroelectric thin film layer 420 (see FIGS. 4 and 5). This annealing step is referred 
to as the first anneal to distinguish it from a later annealing step. The first anneal 
is preferably performed in oxygen at a temperature of from 450 °C to 650 °C for 
a time from 30 minutes to 2 hours. Step P1116 is more preferably performed at 
from 500 °C to 560 °C for 120 minutes, with the most preferred anneal 
temperature being about 525 °C. This low temperature anneal is now made 
possible because X-ray diffraction analysis of thin film layered superlattice 
materials of the Smolenskii class A type crystallize from the soft-baked precursor 
residues of the preferred liquid metal 2-ethylhexanoate precursor solutions when 
the soft-baked precursor residues are annealed in oxygen at minimum 
temperatures ranging from 500 °C to 560 °C. The low temperature anneal reduces 
the amount of roughness from thermally induced stresses within thin film 
ferroelectric layered superlattice material layer 420. The first anneal of step P1 1 16 
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most preferably occurs in an oxygen atmosphere using a 120 minute process 
including at least twenty two minutes for the "push" into the furnace and an 
identical time for the "pull" out of the furnace. All of these indicated anneal times 
include the time that is used to create thermal ramps into and out of the furnace. 

In step P1 1 18, the top electrode 422 is deposited by DC sputtering. The 
deposition of adhesion layer 426 is preferably accomplished under conditions that 
are identical to the deposition conditions for adhesion layer 406. Similarly, the 
deposition of second conductive film 424 is preferably accomplished under 
conditions that are identical to the deposition conditions for first conductive film 
410. 

The device is then patterned in step P1120 by a conventional reactive ion 
etching process including the application of a photoresist followed by ion etching, 
as will be understood by those skilled in the art. This patterning preferably occurs 
before the second annealing step P820 so that the second annea! will serve to 
remove patterning stresses from memory cell 400 and correct any defects that are 
created by the patterning procedure. 

The second annealing step, P1 122, is preferably performed at from 650 °C 
to 850 °C for 1 20 minutes, with the most prefen-ed anneal temperature being about 
800 "C. The second anneal of step P1122 most preferably occurs in an oxygen 
atmosphere using a 120 minute process including at least twenty two minutes for 
the "push" into the furnace and an Identical time for the "pull" out of the furnace. 
The time for the second anneal is preferably the same as for the first anneal 
P1116. 

Finally, in step P1 124, the device is completed and evaluated. The - 
completion may entail the deposition of additional layers, ion etching of contact 
holes, and other conventional procedures, as will be understood by those skilled 
in the art. Wafer 402 may be sawed into separate units to separate a plurality of 
integrated circuit devices that have been simultaneously produced thereon. 

The following non-limiting examples set forth preferred materials and 
methods for practicing the invention hereof. 
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EXAMPLE 2 

SENSITIVITY OF DC SPUTTER-DEPOSITED IRIDIUM TO OXYGEN 
CONTENT OF THE CARRIER GAS USED IN DC SPUTTERING 

Process step P1102 (see FIG. 11) was commenced by placing a 
commercially available silicon wafer placing in a diffusion furnace to grow oxide 
layer 404 (see FIGS. 4 and 5). The substrate including oxide layer 404 with an 
adhesion layer 406 of titanium oxide layer, was placed in a DC magnetron 
sputtering equipment of PVD-300 made by Unifilm Technology Corporation for 
completion of step P1 104. 

An iridium metal layer or an iridium oxide layer corresponding to a first 
conductive film 410 was DC sputtered to a thickness ranging from 44.7 nm to 
137.6 nm. The carrier gas mixture in the vacuum chamber included a 5.7 E-3 Ton- 
partial pressure of oxygen (Oj) and a 5.7 E-3 Torr partial pressure of argon, i.e., 
a 50% partial pressure of oxygen to stabilize the plasma. These conditions are at 
relatively high pressures compared to sputtering with typical argon only plasma. 
Sputtering was performed using DC power source with 0.53 A of fixed current and 
the equipment automatically determined the sputtering voltage system over one 
and half minutes. 

Table 2 shows the deposition rates of these films and this process 
Improvement offers a significant advantage over prior RF-sputtering techniques 
because the inclusion of oxygen in the RF-carrier gas mixture significantly 
diminishes the deposition rate to about ten percent of the rate using a pure 
argon carrier gas. This diminished deposition rate advantageously results in 
the formation of correspondingly smoother electrodes, as confirmed by 
scanning electron microscopy. 

The data shown in this Table 2 as deposition rate per Input power per 
minute distinguished the reported results on page 3054 of the Joo article. 
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TABLE 2 







Sample 


DC reactive sputtered Iridium with Argon and oxygen 
mixture gas 








Volts 






Thicl^ness 
(nm) 


Depo. Rate per 
Input powermln. 
(nmAW-min.) 




5 


TotataOE- 
3 


124 


0.53 


1.5 


60.1 


.610 


15 




Ar:9.0e-3 














10 


B-25% Oj 
Tolal:9.0E- 
3 


163 


0.53 


1.5 


137.6 


1.04 


20 




Ar:8.1E-3 
Oj:2.7E-3 














15 


C-50% Oj 
Total:9.2E- 


167 


0.53 


1.5 


137.5 


1.04 


25 




3 

Ar:5.7E-3 
Oj:5.7E-3 














20 


D-75% 
Tolal:9.2E- 


158 


0.53 


1.5 


112,0 


0.892 


30 




3 

Ar:2.9E-3 
O^:8,0E-3 












25 


E-100% Oj 
Total:9.2E- 

Oj:9.2E-3 


131 


0.53 


1.5 


44.7 


0.429 



35 



30 FIG. 12 shows that the refractive index of the deposited iridiunn oxide 

stayed relatively constant over the range of 25% to 50% and mostly around 
50% in the partial pressure of oxygen earner gas. This stability in the refractive 
index shows that DC sputtering deposition does not form a semi-oxidized film 
with an oxygen reactive gas species in the carrier gas mixture and bears 

35 comparison with prior RF sputtering techniques. 

FIG. 13 shows results for sheet resistance measurements and 
morphology observation that were taken using a conventional picoampmeter 
and microscope on the DC-sputter deposited films corresponding to the 25%, 
50%, 75%, and 100% oxygen samples of FIG. 12 after thermal anneal stress 

40 from 400 "C to 800 °C subsequent to deposition. Films that were obtained 
-33- 
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using 25% to 50% oxygen contents had relatively lower resistance and no 
hillocks even up to 800 °C annealing. The increasing resistance con-esponds 
to Increasing oxidation of the iridium metal. 

EXAMPLE 3 

SENSmVITY OF DC SPUTTER-DEPOSITED IRIDIUM TO NITROGEN 
CONTENT OF THE CARRIER GAS USED IN DC SPUTTERING 

The procedure of EXAMPLE 2 was repeated with substitution of nitrogen 
for the oxygen portion of the carrier gas mixture to investigate the possibility of 
forming iridium oxide or iridium oxy-nttride films via the intermediate formation 
of iridium nitride films. 

FIG. 14 depicts the results of refractivity index measurements along 
thermal stress curves for a comparison between the oxygen-deposition data 
shown in FIG. 13 and the nitrogen-deposition data. As in the case of oxygen 
deposition, film stability remained relatively poor for partial pressure nitrogen at 
deposition values greater than 50%. No deposition occurred for partial 
pressure nitrogen values greater than 70% due to unstable plasma. Hillocks 
were observed in all samples that were annealed at temperatures greater than 
600°C. Formation from iridium nitride to iridium oxide occurs with intermediate 
iridium metal formation, and the hillocks were formed when this metallic iridium 
was oxidized. 

EXAMPLE 4 

PREPARATION OF FERROELECTRIC CAPACITOR DEVICES 

A plurality of ferroelectric capacitor devices 400 were prepared on a 
single wafer 402 using a 0.2 moles per liter layered superiattlce material 
precursor solution that was purchased on commercial order from Kojundo 
Chemical Corporation of Saitama, Japan. Chemical analysis of the solution 
confirmed that it contained metal hexanoates in n-octanes with the metals being 
In proportions corresponding to the metals In an empirical formula 
SrBi2.53(Nbo3gTa,7,)Oio,o2- Thus, the solution had a stoichiometric excess 
amount of bismuth and a stoichiometric excess amount of Nb and Ta B-site 
metals, as compared to a Class A Smolenskii formula (see above) wherein m 
= 2. The discussion below makes reference to FIGS. 4 and 1 1. 
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Process step P1102 (see FIG. 11) was commenced by placing a 
commercially available silicon wafer placing in a diffusion furnace to grow oxide 
layer 404 (see FIG. 4). The substrate Including oxide layer 404 was placed in a 
DC-magnetron sputtering equipment Model Number PVD-300 made by Unifilm 
Tectinology Corporation for completion of step P1 104. An iridium oxide layer 
having both functions of adhesion layer 406 and a first conductive. film 410 was- 
fomied as a bottom electrode 412 in step P1 104. The iridium oxide layer was DC 
sputtered to a thickness of 302.5 nm. The carrier gas mixture in the vacuum 
chamber included a 5.7 E-3Torr partial pressure of oxygen (Oj) and a 5.7 E-3 Torr 
partial pressure of argon, i.e., a 50% partial pressure of oxygen to stabilize plasma, 
and total pressure from these conditions is relatively high pressure compared to 
typical argon only plasma. Sputtering was performed using 1 66 V and 0.53 A over 
3.2 minutes. 

Step P1 108 was performed by placing the wafer in a conventional spin-coat 
machine and spinning the wafer at 500 rpm while an eyedropper was used to place 
4 ml of solution onto the spinning wafer for five seconds. The rotational speed was 
increased to 1300 rpm for forty seconds and 3000 rpm for five seconds to provide 
a uniform film of precursor liquid coating the substrate. 

In step P1 110, the wafer was placed on a 150 °C hot plate for two minutes 
in air then removed and immediately placed on a second hot plate at 260 °C for 
four minutes to dry the liquid precursor. In step P1 11 2, the dried liquid precursor 
residue was exposed in air to a conventional rapid thermal processing lamp at 650 
°C for sixty seconds to soft bake the dried precursor residue. 

As a consequence of step P1 114, the steps of applying the liquid precursor ' 
solution, drying, and soft baking were repeated a second time to build layer 
thickness of the soft baked material up to about 200 nm. 

A first anneal P1 1 1 6 of the soft baked precursor residue was conducted in 
a diffusion furnace under an oxygen flow at 525 °C for one hundred and four 
minutes Including a twenty-two minute ramp into the furnace and a twenty-two 
minute ramp out of the furnace. The wafer was removed from the furnace and 
stood to room temperature. 
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An iridium oxide layer was DC sputtered to a thickness of about 300 nm 
thick during step P1 1 18. The resultant iridium oxide material functioned as top 
electrode 422 including both the second conductive film 424 and the adhesion 
layer 426. Sputtering was performed using a carrier gas mixture including 5.7 E-3 
Torr Ar and 5.7 E-3 Torr O2. DC sputtering conditions included the use of 1 66 V 
and 0.53 A for 3.2 minutes to obtain a 302.5 nm thickness. 

In step P1 1 20, the top electrode 422 was covered with a conventional spin- 
on negative photoresist. The wafer including the resist was baked in air on a hot 
plate at 100 °C for five minutes, after which time the wafer was exposed to 
ultraviolet radiation under mask for 1 .8 seconds to pattern the resist. The resist 
was developed for 1.5 minutes in an n-butyl acetate rinse under nitrogen 
atmosphere. The developed pattern was hard baked on a hot plate at 140 °C for 
five minutes. The wafer was next subjected to ion mill etching. The resist was 
removed by conventional plasma stripping. 

Step P1 122 included annealing the top electrode in an oxygen diffusion 
furnace at 800 °C for two hours including a twenty two minute ramp into the 
furnace and a twenty two minute ramp out of the furnace. 

As a result of this process, the final wafer held a plurality of planar-type 
ferroelectric capacitors 400 each having a 6940 jum^ surface area and a structure 
of stacked iridium oxide / ferroelectric layer / iridium oxide / silicon oxide atop the 
silicon substrate from the surface. The final wafer was designated sample AA. 
EXAMPLE 5 
VARIATIONS ON CAPACITOR STRUCTURE 

A plurality of wafers were prepared in an identical manner with respect to - 
the first wafer (AA) of Example 4, except that steps P1 1 04 and P1 1 18 were varied 
to sputter different metals and metal oxides. Capacitors 400 on a second wafer 
(AB) contained platinum for first conductive film 410 and iridium oxide for 
adhesion layer 406 to form bottom electrode 412. Capacitors on the second wafer 
(AB) contained iridium oxide for adhesion layer 426 and platinum for second 
conductive film 424 to form top electrode 422, i.e., the overall capacitor structure 
(AB) contained iridium oxide / platinum / ferroelectric layer/ platinum / iridium oxide 
/ silicon oxide atop the silicon substrate. 
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Sample (AC) was prepared to consist of iridium for first conductive film 41 0 
and iridium oxide for adhesion layer 406 to form bottom electrode 412, as well as 
and iridium oxide for adhesion layer 426 and iridium of second conductive film 424 
to form top electrode 422, i.e., the overall capacitor structure (AC) contained 
iridium oxide / iridium / ferroelectric layer / iridium / iridium oxide / silicon oxide atop 
the silicon substrate. In addition, this sample (AC) is believed to have converted- 
to a structure including iridium oxide / iridium / functionaily oxidized iridium / 
ferroelectric layer / functionally oxidized iridium / iridium / iridium oxide / silicon 
oxide atop silicon substrate structure due to oxidation reaction at surfaces between 
ferroelectric layer and iridium. The structural differences do not exist as a result 
of the sputter-deposited materials, but the formation process leads to interlayer 
surface oxidation with the resultant formation of metal oxides, e.g., iridium oxide 
composition in an oxidized iridium metal system with an oxidation gradient from the 
ferroelectric layer into the iridium metal. 

While the "A" samples were prepared having the structure of capacitor 400, 
a corresponding series of "B" electrode samples were prepared in the same 
manner including the capacitors 500 from FIG. 5 including the polysiiicon plug 504 
beneath a diffusion barrier layer 506. 

EXAIVIPLE 5 
COMPARATIVE TEST IVIEASUREMENTS 

A representative test capacitor was selected from each the wafer that was 
produced in Example 4, i.e., samples AA, AB, AC, BA, BB, and BC. An 
elipsometer was used to calculate thickness of the ferroelectric layer 420 at 222 
nm for samples AA and BA, 229.5 nm for samples AB and BB, and 240 nm for • 
samples AC and BC. A Hewlett Packard 81 1 5A function generator and a Hewlett 
Packard 54502A digitizing oscilloscope were operably connected to a 9.91 nF load 
capaci'.jr for conducting remanent polarization measurements on the samples 
having a constant temperature maintained at 25 °C. Probes were used to contact 
the capacitors, and remanent polarization was commenced using a triangular 
waveform at 10,000 Hz at 25 °C having an amplitude of 125 kV/cm. 

FIG. 15 shows the hysteresis measurement for the sampleAA (iridium oxide 
electrodes) , FIG. 16 for the sample AB (iridium oxide /platinum /ferroelectric layer 
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/ platinum / iridium oxide / silicon oxide atop the silicon substrate), and FIG. 17 for 
the sample AC (iridium oxide / iridium / ferroelectric layer / iridium / iridium oxide 
/ silicon oxide atop the silicon substrate). 

FIG. 18 shows a summary of remanent polarization data for the three 
samples AA, AB, and AC corresponding to FIGS. 15, 16, and 17. A comparison 
of SEM micrographs between the samples AA and AB, or AC and AB, shows that 
iridium oxide or functionally oxidized iridium is better material for an oxide barrier 
than platinum, due to granular-like structure of iridium and iridium oxide, while 
platinum has a columnar structure that is believed to be more permeable to 
oxygen. This indication was confirmed by the curve 1800 corresponding to the 
IrOj/Pt sample where increased oxidation at the platinum/ferroelectric boundary 
has impaired the remanent polarization of the ferroelectric material. There are no 
appreciable differences between the iridium and iridium oxide sequences of 
samples AA and AC. 

FIGS. 19, 20, 21, 22, 23, and 24 show the hysteresis fatigue endurance 
measurement results with the samples AA, AB, and AC respectively. The 
switching curves of FIGS. 19, 20 and 21 each include an initial hysteresis curves 
and a final hysteresis curve after 10'° cycles. The initial polarization curve was 
measured using a 3 V triangular waveform having an amplitude of 125 kV/cm, as 
were polarization curves at 10^, 10^ 10', 10^, and 10'° cycles. Switching cycles 
without polarization measurement data being collected were performed using 6 V 
a square wave at 1 ,000,000 Hz. In each case, remanent polarization at 10^° cycles 
stayed within fen percent of the polarization value for virgin material while Imprint 
determined as the shifting of the center of the hysteresis curves relative to zero • 
voltage improved with age and did not prohibit use of the ferroelectric materials in 
electronic memories. 

For FIG. 19, the virgin ferroelectric capacitor at one cycle at 1 25 °C under 
an applied voltage of 2.78 V for 222 nm film, i.e., under an applied electrical field 
of 125 kV/cm had a 2Pr polarization of 10.75 ,itC/cm^ Polarization grew to a 
maximum value of 11.41 //C/cm^ after 10' cycles, and then declined to 9.92 
^Clzvr? after 1 0^° cycles. The final 2Pr value at 1 0^° cycles was 7.7% smaller than 
the initial 2Pr value, as shown in FIG. 20. A V^3„,g, value for imprint of the virgin 
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curve was calculated by adding together the Ec- and Ec+ values and dividing by 
two to arrive at a value of -5.80 KV/cm. A comparable Vj^m^ value after 10'° cycles 
was -0.65 KV/cm. Amount of V„„,„shift is +5.15 kV/cm for 222 nm film, i.e., 0.1 14 
V. 

For FIG. 21 , the virgin ferroelectric capacitor at one cycle at 125 °C under 
an applied voltage of 2. 87 V for 229.5 nmfilm, i.e., under an applied electrical field 
of 125 kV/cm had a 2Pr polarization of 8.06 ^C/cm^ Polarization grew to a 
maximum value of 9.34^C/cm^ after 10' cycles, and then declined to 8.77 ^C/cm^ 
after 10'° cycles. The final 2Pr value at 10'° cycles was 8.8% greater than the 
initial 2Pr value, as shown in FIG 22. A V^„,j, value for the initial curve was 
calculated by adding together the Ec- and Ec+ values to arrive at a value of -5.33 
KV/cm,- A comparable V^^^,,., value after 10'° cycles was -1 .67 KV/cm. Amount of 
V„,,,, shift is +3.66 kV/cm for 229.5 nm film, i.e., 0.084 V. 

For FIG. 23, the virgin ferroelectric capacitor at one cycle at 125 °C under 
an applied voltage of 3.00 V for 240 nm film, i.e., under an applied electrical field 
of 125 kV/cm had a 2Pr polarization of 10.7 juC/cm^. Polarization stayed or slightly 
grew around a value of 10.8 ;zG/cm^ until 3.16 x 10° cycles, and then declined to 
9.95/jC/cm^ after 10'° cycles. The final 2Pr value at 10'° cycles was 7.0% smaller 
than the initial 2Pr value, as shown In FIG. 24. A Vcamsr value for the initial curve 
was calculated by adding together the Ec- and Ec+ values to arrive at a value of 
-3.33 KV/cm. A comparable V„„,5, value after 10'° cycles was +0.97 KV/cm. 
Amount of V^„,„ shift is +5.15 kV/cm for 240 nm film, i.e., 0.023 V. 

FIG. 25 shows a summary of remanent polarization data for the three 
samples AA, AB, and AC. The sample AC of iridium oxide / iridium / ferroelectric 
layer / iridium / iridium oxide / silicon oxide atop silicon substrate is the most stable 
and has the highest remanent polarization value of 9.95 f^CJcm^ after 1 0'° cycles. 

FIG, 26 provides a linear regression analysis as a summary of "A" series 
Vcenier valuos calculated by adding together the Ec- and Ec+ values along fatigue 
endurance stress up to 1 0'° cycles. The sample AC was less imprinted than other 
samples, as determined by a shift relative to Vjg„,„ values that were normalized 
to a value of one for the Initial V^n^, value. 
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Hysteresis fatigue endurance measurement were also completed in an 
identical manner for ttie "B" series samples BA, BB, and BC respectively. The "B" 
series study evaluated the diffusion barrier efficacy of barrier layer 506 in 
preventing diffusion from the low dielectric polysilicon plug 502. Among these 
three samples, only sample BC including iridium oxide / iridium I ferroelectric layer 
/ iridium /iridium oxide/ poly-silicon plug /silicon oxide atop silicon substrate stood- 
the severe fatigue stress. The resultant data is show^n in FIGS. 27 and 28. 

For FIG. 27, the virgin ferroelectric polarization had a 2Pr polarization of 
10.53 /.jC/cm^. Polarization grew to a maximum value of 1 1.25 /jC/cm^ after 10^ 
cycles, and then declined to 10.63 ^iQIcn? after 10'° cycles under an applied 
fatigue endurance field of 250 kV/cm as shown in FIG. 28. The final 2Pr value at 
1 0^° cyeles was 0.9% smaller than the initial 2Pr value. A V^„„,g, value for the initial 
curve was calculated by adding together the Ec- and Ec+ values to arrive at a 
value of -0.92 KV/cm. A comparable value after IC" cycles was -1.57 
KV/cm. Amount of V„„,^, shift is -0.65 kV/cm for 240 nm film, i.e., 0.016 V. 

These improvements in polarization hysteresis were heretofore unheard of 
in thin film ferroelectrics, i.e., improvements in the magnitude of polarization after 
10'° cycles and less imprint after 10'° cycles. 

EXAMPLE 6 

SENSITIVITY OF POLARIZATION IMPROVEIMENTS TO OXYGEN CONTENT 
OF THE CARRIER GAS USED IN DC SPUTTERING 

A plurality of ferroelectric capacitor devices 400 were prepared on a 
single wafer 402 using a 0.2 moles per liter layered superlattice material 
precursor solution that was purchased on commercial order from Kojundo 
Chemical Corporation of Saitama, Japan. Chemical analysis of the solution 
confirmed that it contained metal hexanoates in n-octanes with the metals being 
in proportions corresponding to the metals in an empirical formula 
SrBi253(Nb53gTa,7,)0,QQ2- Thus, the solution had a stoichiometric excess 
amount of bismuth and a stoichiometric excess amount of Nb and Ta B-site 
metals, as compared to a Class A Smolenskii formula (see above) wherein m 
= 2. The discussion below makes reference to FIGS. 4 and 5. 
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Process step P1 102 (see FIG. 11) was commenced by placing a 
commercially available silicon wafer placing in a diffusion furnace to grow oxide 
layer 404 (see FIG. 4). The substrate including oxide layer 404 was placed in 
a DC magnetron sputtering equipment model PVD-300 made by Unifilm 
Technology Corporation for completion of step P804. An adhesion layer 406 
of titanium oxide was fonned in step P1104. A platinum metal layer 410 was DC- 
sputtered to a thickness of 279.3 nm. The carrier gas mixture in the vacuum 
chamber included a 1.3 E-3 Torr partial pressure of oxygen (Og) and a 9.0 E-3 
Torr partial pressure of argon, i.e., a 12.5% partial pressure of oxygen to 
stabilize plasma, and total pressure of these conditions is relatively high 
pressure compared to typical argon only plasma. Sputtering was performed 
using 1*53 V and 0.53 A over 3.8 minutes. 

Step P1 108 was performed by placing the wafer in a conventional spin- 
coater machine and spinning the wafer at 500 rpm while an eyedropper was 
used to place 4 ml of solution onto the spinning wafer for five seconds. The 
rotational speed was increased to 1300 rpm for forty seconds and 3000 rpm for 
five seconds to provide a uniform film of precursor liquid coating the substrate. 

In step P1 110, the wafer was placed on a 150 °C hot plate for two 
minutes in air then removed and immediately placed on a second hot plate at 
260 °C for four minutes to dry the liquid precursor. In step P1 112, the dried 
liquid precursor residue was exposed In air to a conventional rapid thermal 
processing lamp at 650 °C for sixty seconds to soft bake the dried precursor 
residue. 

As a consequence of step P1114, the steps of applying the liquid 
precursor solution, drying, and soft baking were repeated a second time to build 
layer thickness of the soft baked material up to about 200 nm. The final layer 
is spun-on at 6000 rpm to have about 50 nm to cover surface roughness. 

A first anneal P1 1 16 of the soft baked precursor residue was conducted 
in a diffusion furnace under an oxygen flow at 800 °C for fifty-four mrnutes 
including a twenty-two minute ramp into the furnace and a twenty-two minute 
ramp out of the furnace. The wafer was removed from the furnace and stood 
to room temperature. The initial anneal stage anneal was followed by a second 
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Stage of one hundred and four minutes at 800°C including a twenty-two minute 
ramp into the fumace and a twenty-two minute ramp out of the furnace. A third 
stage anneal was performed at 650°C for one hundred and four minutes 
including a twenty-two minute ramp into the furnace and a twenty-two minute 
ramp out of the furnace. 

About 200 nm thicl< platinum was sputtered into place during step P1 118.- 
DC sputtering was performed to deposit second conductive film 424 without 
depositing adhesion layer 426 to form top electrode 422. Platinum metal was 
DC sputtered using a carrier gas mixture including 9.0 E-3 Torr Ar and 1.3 E-3 
Torr O2. DC sputtering conditions included the use of 151 V and 0.53 A for 2.6 
minutes to obtain a 191.1 nm thickness of the sputter-deposited metal. 

fn step P1 120, the top electrode 422 was covered with a conventional 
spin-on negative photoresist. The wafer including the resist was baked in air 
on a hot plate at 100 °G for five minutes, after which time the wafer was 
exposed to ultraviolet radiation under mask for 1 .8 seconds to pattern the resist. 
The resist was developed for 1.5 minutes in an n-butyl acetate rinse under 
nitrogen atmosphere. Th: developed pattern was hard baked on a hot plate at 
140 °C for five minutes. The wafer was next subjected to ion mill etching. The 
resist was removed by conventional plasma stripping. 

Step P1 122 included annealing the top electrode in an oxygen diffusion 
furnace at 800 °C for one hundred and four minutes including a twenty two minute 
ramp into the fumace and a twenty two minute ramp out of the fumace. As a 
result of this process, the final wafer sample #SS10-4 held a plurality of square 
ferroelectric capacitors 400 each having a 6940 /.^m^ surface area. 

A representative test capacitor was selected from the wafer that was 
produced in the sample #SS10-4. An elipsometer was used to calculate 
thickness of the ferroelectric layer 420 at 223.5 nm. A Hewlett Packard 81 ISA 
function generator and a Hewlett Packard 54502A digitizing oscilloscope were 
operably connected to a 9.91 nF load capacitor for conducting switching fatigue 
endurance measurements on a sample having a constant temperature 
maintained at 125 °C. Probes were used to contact the capacitors, and fatigue 
endurance switching was commenced using a square waveform at 1 ,000.000 
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Hz, having an amplitude of 5.59 V for 223.5 nm film, i.e., under an applied fatigue 
endurance field of 250 kV/cm. 

An initial polarization curve was measured using a triangular waveform 
having an amplitude of 2.79 V for 223.5 nm film, i.e., under an applied electrical 
field of 125 kV/cm, as were polarization curves at 10^, 10^, 10', 10^, and 10'° 
cycles. 

FIG. 29 shows the hysteresis fatigue endurance Ineasurement results. 
The X-axis represents the number of switching cycles. The Y-axis represents 
remanent polarization. Polarization actually improved out to about 10^ cycles, 
and thereafter began a slow decline out to 10'° cycles. The virgin ferroelectric 
capacitor at one cycle had a 2Pr polarization of 9.95 fxClcm'. Polarization grew 
to a maximum value of 11.05 /^C/cm^ after 10^ cycles, and then declined to 
10.34 ^C/cm^ after 10" cycles. The final 2Pr value at 10'" cycles was 3.9% 
greater than the initial 2Pr value. A y^„^, value for the Initial curve was 
calculated by adding together the Ec- and Ec + values to arrive at a value of - 
0.69 KV/cm. A comparable V„„ter value after 10" cycles was +0.04 KV/cm. 
Amount of V^„,^, shift is -0.73 kV/cm for 223.5 nm film, i.e., 0.016 V. 

FIG. 30 depicts an overlay of the virgin polarization curve 3000 at one 
cycle over the polarization curve 3002 at 10'° cycles. The curves 3000 and 
3002 are almost indistinguishable. 

A plurality of wafers were prepared in an identical manner with respect to 
the sample #SS10-4, except that the oxygen content of the carrier gas used in the 
DC sputtering of steps P1104 and P1118 was varied to use an oxygen partial 
pressure of 0%, 25%, 50%, and 75% in argon. Small differences in actual 
sputtering conditions are noted in Table 3. 
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TABLE 3 







Sample 


Bottom Electrode 


Top Electrode 


10 










Tim'e 


Thickness 








Thickness 




5 


#SS10-4 
12.5% Oj 
Ar:9.0E-3 
Oj:1.3e-3 


151 


0.53 


3.8 


279.3 


151 


0.53 


2.6 


191.1 


15 


10 


#SS10-3 
0% 

Ar:9.7E-3 


135 


0.53 


5.0 


295.4 


133 


0.53 


3.2 


189.1 


20 


15 


#SS10-5 
25% O2 
Ar;8.1E-3 
Oj:2.7l-3 


164 


0.53 


3.2 


297.4 


163 


0.53 


2.1 


195.2 


25 




#SS10-6 
50% Oj 
Ar:5.7E-3 
Oj:5.7E-3 


172 


0.53 


2.6 




172 


0.53 


1.5 


196.7 




20 


#SS10-7 
75% 0^ 
Ar;2.9E-3 
O,:8,0E-3 


162 


0.53 


3.2 


330.5 




0.53 


2.1 


216.9 



FIG. 31 depicts a polarization hysteresis curve for a representative 
capacitor selected from Sample #SS10-3, which was produced under 0% 
35 oxygen, i.e., 100% Ar. Elipsometer measurements confirmed that the 

ferroelectric layer 420 was 219.6 nm thick. Overall polarization declined 14.2% 
30 from the virgin sample at 8.75 /zC/cm^ to a value of 7.51 ixClcrr? after 10'° 
cycles. The fatigued sample was more severely imprinted, as reflected by a 

40 

^cBiier value of -1.36 KV/cm for the virgin sample and 2.22 KV/cm after 10'° 
cycles. The amount of V„„,^r shift between zero and 1 0'° cycles is -3.58 kV/cm for 
219.6 nm film, i.e., 0.079 V. 
45 35 FIG. 32 depicts a polarization hysteresis curve for a representative 

capacitor selected from Sample #SS10-5, which was produced under 25% 
oxygen. Elipsometer measurements confirmed that the ferroelectric layer 420 
was 225 nm thick. Overall polarization declined 9.0% from the virgin sample at 

50 
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8.80 AtC/cm^ to a value of 8.01 ^C/cm^ after 10" cycles. The fatigued sample 
was less severely imprinted, as reflected by a V„g„,„ value of -1 .58 KV/cm for the 
virgin sample and 0.27 KV/cm after 10" cycles. The amount of V„„,„ shift 
between zero and 10'° cycles was -1 .85 kV/cm for 225 nm film, i.e., 0.042 V. 

FIG. 33 depicts a polarization hysteresis curve for a representative 
capacitor selected from Sample #SS10-6, which was produced under 50%. 
oxygen. Elipsometer measurements confirmed that the ferroelectric layer 420 
was 235 nm thick. Overall polarization increased 22.3% from the virgin sample 
at 1 .75 ixClcm^ to a value of 2.14 txClcm^ after 10'° cycles. The fatigued sample 
was more severely imprinted, as reflected by a V^j„,„ value of -1.64 KV/cm for 
the virgin sample and 3.62 KV/cm after 10" cycles. Amount of V^^„,„ shift is - 
5.26 kV/cm for 235 nm film, i.e., 0.12 V. 

FIG. 34 depicts a polarization hysteresis curve for a representative 
capacitor selected from Sample #SS10-7, which was produced under 75% 
oxygen. Elipsometer measurements confirmed that the ferroelectric layer 420 
was 235 nm thick. Overall polarization increased 18.4% from the virgin sample 
at 2.12 ;zC/cm^ to a value of 2.51 /^C/cm^ after 10" cycles. The fatigued sample 
was more severely imprinted, as reflected by a V„„,„ value of -1.07 KV/cm for 
the virgin sample and 3.85 KV/cm after 10" cycles. Amount of V„„,5, shift is - 
4.92 kV/cmfor235 nm film, i.e., 0.12 V. 

The foregoing results show that DC sputter deposition with oxygen partial 
pressures ranging from zero to 25% result in the highest polarization, the lowest 
fatigue, and the lowest imprint, with 12.5 oxygen being an approximate optimum 
concentration. 

EXAMPLE 7 
PHYSICAL ANALYSIS 

Auger electron spectroscopic data was obtained from representative 
capacitors on each sample that is listed in Table 3 of Example 6. These 
measurements were performed to analyze the depth profile of major atoms 
observed in the capacitors to detect platinum, titanium, and oxygen content for 
the respective samples. Auger measurements were performed using an 
acceleration voltage of 3 kV and a cun-ent of 1 X 10'' A. Additionally, 
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secondary ion mass spectroscopic equtpment used cesium as the primary Ion 
to analyze the ferroelectric layer components of strontium, bismuth, niobium as 
secondary ions in representative capacitors from each sample listed in Table 
3 of Example 6. Tunneling electron micrographs representing an approximate 
200K X magnification were also prepared from each sample. 

FIG. 35 Is graph depicting auger electron spectroscopic data that was 
obtained from the sample #SS10-3, which was sputtered using zero percent 
partial pressure of oxygen. FIG. 36 provides corresponding secondary ion 
mass spectroscopic data for sample #SS10-3. FIGS. 35 and 36 confirm that 
oxygen deficiency in the ferroelectric layer is compensated by oxygen from 
electrodes, especially around surface region highlighted by arrows of 3500 in 
FIG. 35. FIGS. 35 and 35 also demonstrate that relatively little interlayer 
diffusion occurred at the interface between the ferroelectric layer and the 
platinum electrode. 

FIG. 37 provides a transmission electron microscopic photograph (TEM) 
of sample #8510-3 demonstrating that the electrode had a columnar structure 
that is typical of platinum electrodes in the prior art. 

FIG. 38 is graph depicting auger electron spectroscopic data that was 
obtained from the sample #SS10-4, which was sputtered using 12.5% partial 
pressure of oxygen. FIG. 39 provides corresponding secondary ion mass 
spectroscopic data for sample #SS10-4. FIGS. 38 and 39 confirm that oxygen 
deficiency in the ferroelectric layer is compensated by oxygen from electrodes, 
especially around surface region highlighted by arrows of 3800 in FIG. 38. 
FIGS. 38 and 39 also demonstrate that relatively little interlayer diffusion - 
occurred at the interface between the ferroelectric layer and the platinum 
electrode. 

FIG. 40 provides a transmission electron microscopic photograph (TEM) 
of sample #SS10-4 demonstrating that the electrodes had a small grain size 
with few lattice defects that distinguishes these electrodes from the columnar 
stnjcture of FIG. 37. 

FIG. 41 is graph depicting auger electron spectroscopic data that was 
obtained from the sample #SS10-5, which was sputtered using 25% partial 
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pressure of oxygen. FIG. 42 provides corresponding secondary ion mass 
spectroscopic data for sample #SS10-5. FIGS. 41 and 42 demonstrate a 
different atomic distribution than exists for the corresponding FIGS. 35-40, i.e., 
titanium from the bottom electrode diffused through the first conductive film to 
5 reach the interface of the ferroelectric layer. Also, the ferroelectric components 
of strontium, bismuth, niobium, and tantalum diffused into the electrodes for the- 
SS10-5 sample. It is understood that the oxygen observed in electrodes region 
in the is from the metal oxide ferroelectric layer. 

FIG. 43 provides a transmission electron microscopic photograph (TEM) 
10 of sample #SS10-5 demonstrating that the electrode had a small grain size that 
distinguishes the electrode shown in FIG. 37, and that the grain size is 
increasingly larger and has a greater number of defects that the electrode 
shown in FIG. 40. 

FIG. 44 is graph depicting auger electron spectroscopic data that was 

15 obtained from the sample #SS10-6, wrhich was sputtered using 50% partial 
pressure of oxygen. FIG. 45 provides corresponding secondary ion mass 
spectroscopic data for sample #SS10-6. FIGS. 44 and 45 demonstrate a 
different atomic distribution than exists for the conresponding FIGS. 35-40, i.e., 
titanium from the bottom electrode diffused through the first conductive film to 

20 reach the interface of the ferroelectric layer. Also, the ferroelectric components 
of strontium, bismuth, niobium, and tantalum diffused into the electrodes for the 
SS10-6 sample. It is understood that the oxygen observed in electrodes region 
in the is from the metal oxide ferroelectric layer. 

FIG. 46 provides a transmission electron microscopic photograph (TEM) ' 

25 of sample #SS10-6 demonstrating that the electrode had a small grain size that 
distinguishes the electrode shown in FIG. 37, and that the grain size is 
increasingly larger and has a greater number of defects that the electrodes 
shown in FIGS. 40 and 43. 

FIG, 47 is graph depicting auger electron spectroscopic data that was 

30 obtained from the sample #SS10-7, which was sputtered using 75% partial 
pressure of oxygen. FIG. 48 provides corresponding secondary ion mass 
spectroscopic data for sample #SS10-7. FIGS. 47 and 48 demonstrate a 
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different atomic distribution than exists for the corresponding FIGS. 35-40, i.e., 
titanium from tine bottom electrode diffused through the first conductive film to 
reach the interface of the ferroelectric layer. Also, the ferroelectric components 
of strontium, bismuth, niobium, and tantalum diffused into the electrodes for the 
SS10-7 sample. It is understood that the oxygen observed in electrodes region 
in the is from the metal oxide ferroelectric layer. 

FIG. 49 provides a transmission electron microscopic photograph (TEM) 
of sample #SS10-7 demonstrating that the electrode had a small grain size that 
distinguishes the electrode shown in FIG. 37, and that the grain size is 
increasingly larger and has a greater number of defects that the electrodes 
shown in FIGS. 40, 43, and 46. 

•Table 4 shows average secondary ion counts in platinum electrode by 
SIMS with Oj as the primary ion for five samples based upon FIGS. 36, 39, 42, 
45, and 48. 



TABLE 4 



Sample 


Average secondary ion 


#SS10-3 
0% Oj 
Ar:9.7E-3 


1.3 X 10' 


#SS10-4 
12.5% Oj 

Ar:9.0E-3, Oj:1.3E-3 


2.2x10' 


#SS10-5 
25% Oj 

Ar:8.1E-3, Oj:2.7E-3 


3.3x10^ 


#SS10-6 
50% Oj 

Ar:5.7E-3, 0^:5. 7E-3 


6.1 X 10' 


#SS10-7 
75% 0, 

Ar:2.9E-3, O2:B.0E-3 ' 


9.2 X 10' 



From this data, based upon the crystallinity and morphology analysis of 
the TEMs depicted in FIGS. 37, 40, 43, 46, and 49, oxygen inclusion in platinum 
electrode is preferably from 1.3x10' to 3.3x1 0^ 
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Regarding crystallinity of platinum compared among these samples, FIG. 
37 shows that platinum which was DC sputtered without oxygen partial pressure 
shows a typical columnar structure and the greatest grain size among all 
samples. FIG. 40 demonstrates that platinum which was DC sputtered with 
12.5% oxygen partial pressure shows a granular-like structure and the smallest 
grain size. For the other DC sputtered samples that were sputtered with more- 
than 25% oxygen partial pressure (see FIGS. 43, 46, and 49), grain size is still 
smaller than sample #SS10-3; however, numerous lattice defects are observed 
in the grains and these defects are caused by diffusion from the ferroelelctric 
layer, as confirmed by the spectroscopy results from FIGS. 35, 36, 38, 39, 41, 
42, 44, 45, 47, and 48. 

EXAMPLE 8 

ELECTRICAL PERFORMANCE OF ULTRA THIN FILMS 

A plurality of ferroelectric capacitor devices 400 were prepared on a 6" 
silicon wafer 402 using a layered superlattice material precursor solution that 
was purchased on commercial order from Kojundo Chemical Corporation of 
Saitama, Japan. Chemical analysis of the solution confirmed that it had a 0.2 
moles per liter concentration of metal hexanoates in n-octanes based upon a 
molar concentration of the empirical formula SrBi24(Nb(,35Ta, 55)09 g. Thus, the 
solution had a stoichiometric excess amount of bismuth, as compared to a 
Class A Smolenskii formula (see above) wherein m = 2. The discussion below 
makes reference to FIGS. 4 and 11. 

Process step P1102 (see FIG. 11) was commenced by placing a 
commercially available silicon wafer placing in a diffusion furnace to grow oxide 
layer 404 (see FIG. 4). The substrate including oxide layer 404 was placed in 
a DC magnetron sputtering equipment of PVD-300 made by Unifilm Technology 
Corporation for completion of step P1104. An adhesion layer 406 of titanium 
oxide were formed in step P1 104. A platinum metal layer 410 was DC sputtered 
to a thickness of 279.3 nm. The carrier gas mixture in the vacuum chamber 
included a 1.3 E-3 Torr partial pressure of oxygen (Oj) and a 9.0 E-3 Torr 
partial pressure of argon, i.e., a 12.5% partial pressure of oxygen to stabilize 
plasma, and total pressure of these conditions is relatively high pressure 
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compared to typical argon only plasma. Sputtering was perfomfied using 153 
V and 0.53 A over 3.8 minutes. 

Step P1 108 was performed by placing the wafer in a liquid source misted 
chemical deposition machine of Pnmaxx2F Standalone LSMCD System made 
by Submicron Systems Corporation of Allentown, Pennsylvania, and depositing 
a liquid precursor film with rotating the wafer at 15 rpm while a venturi-type- 
atomizer was used to form mist and then introduced into deposition chamber 
by carrier gas of nitrogen after charging the mist by corona system using 
oxygen gas with 4 kV of high voltage. 

FIG. 50 depicts a layer growth from deposition rate requiring seven 
minutes to form a ferroelectric thin film equivalent to 54.3 nm (543 A) after high 
temperature annealing. The subsequent data points represent different 
samples that were processed in an identical manner for different times. The 
resultant data points were subjected to a first order least squares linear fit, 
which developed the linear correlation 

Y = 90.5X-90, 

wherein the curve fit had an con-elation factor of 0.9704 indicating a very 
good first order linear fit to the data. 

In step P1 1 10, the wafer was moved into the low temperature processing 
module and placed on a 150 °C hot plate for two minutes in air then removed 
and Immediately placed on a second hot plate at 260 "C for four minutes to dry 
the liquid precursor. 

In step P1112, the dried liquid precursor residue was soft baked in 
oxygen-content atmosphere such as O2, N2O, or O3, preferably under vacuum 
up to 1 Ton- at rapid thermal processing module at 650 °C for sixty seconds. 
Prior to this soft baking, the wafer is more preferably soft baked in nitrogen- 
content atmosphere such as Nj or N2O at 400 °C for sixty seconds just enough 
to start forming strontium bismuth niobium tantalate of metal oxide nuclei, and 
not to form metal carbonates to reduce thermal budget and suppress 
roughness. 

A first anneal P1 116 of the soft baked precursor residue was conducted 
in a diffusion furnace under an oxygen flow at 525 °C for one hundred and four 
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minutes including a twenty-two minute ramp into the furnace and a twenty-two 
minute ramp out of the furnace. The wafer was removed from the furnace and 
stood to room temperature. 

About 200 nm, thick platinum was sputtered into place during step 
P1118. DC sputtering was performed to deposit second conductive film 424 
without depositing adhesion layer 426 to form top electrode 422. Platinum- 
metal was DC sputtered using a can-ier gas mixture including 9.0 E-3 Torr Ar 
and 1.3 E-3 Torr O^. DC sputtering conditions included the use of 151 V and 
0.53 A for 2.6 minutes to obtain a 191.1 nm thickness of the sputter-deposited 
metal. 

In step P1 120, the top electrode 422 was covered with a conventional 
spin-on- negative photoresist. The wafer including the resist was baked in air 
on a hot plate at 100 °C for five minutes, after which time the wafer was 
exposed to ultraviolet radiation under mask for 1 .8 seconds to pattern the resist. 
The resist was developed for 1.5 minutes in an n-butyl acetate rinse under 
nitrogen atmosphere. The developed pattem was hard baked on a hot plate at 
140 °C for five minutes. The wafer was next subjected to ion mill etching. The 
resist was removed by conventional plasma stripping. 

Step P1 122 included annealing the top electrode in an oxygen diffusion 
furnace at 750 "C for one hundred and four minutes including a twenty two minute 
ramp into the furnace and a twenty two minute ramp out of the fumace. As a 
result of this process, the final wafer held a plurality of square ferroelectric 
capacitors 400 each having a 6940 ^im^ surface area. 

A representative test capacitor was selected from the wafer that was " 
produced in the sample. An ellpsometer was used to calculate thickness of the 
ferroelectric layer 420 at 54.3 nm. Polarization curves were measured using a 
triangular waveform having an amplitude of 1.5 V at 25 °C. as were stored 
capacitors at 75 °C at Initial, 1,10, and 10^ hours. 

FIG. 51 shows the retention measurement results for an ultra thin 
ferroelectric layer corresponding to cun/e 5100, which represents remanent 
polarization data obtained from the 54.3 nm (543 A) thick sample. The X-axis 
represents the stored time. The Y-axis represents remanent polarization. As 
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compared to a prior art sample of comparable ferroelectric material 240 nm 
(2400 A) thicl<, polarization retention characteristics improved both the initial 
value and degradation gradient. The virgin ferroelectric capacitor 
corresponding to curve 5100 at one cycle had a 2Pr polarization of 17 ixC/cm^. 
Polarization after 10 year of storage was extrapolated to a value of 1 1 juClcrn^. 
EXAMPLE 9 

ELECTRICAL PERFORMANCE OF LSMCD THIN FILMS 

A plurality of wafers were prepared in an identical manner with respect to 
Example 9, except that the deposition time of step P1 108 was varied to form a 
ferroelectric thin film equivalent to 140 nm after high temperature annealing. 

A representative test capacitor was selected from the wafer that was 
produced in the sample. An elipsometer was used to calculate thickness of the 
ferroelectric layer 420 at 140 nm. Time dependent dielectric breakdown 
("TDDB") measurements were taken using applied electric fields of 360, 400, 
and 460 kV/cm having an amplitude of 1.5 V at 125 °C. 

FIG. 52 shows the TDDB characteristics for an LSMCD deposited 
ferroelectric layer corresponding to the sample. The X-axis represents the 
inverse of the electric field. The Y-axis represents the 0.1 % cumulative failures. 
As compared to a prior art sample made by comparable ferroelectric material 
deposition method of spin-on, the LSMCD film has high reliability of 100 times 
longer life at 3 V, i.e., under an applied electric field of 214 kV/cm. 
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CLAIMS: 

1. A method (P1100) of sputter depositing an essentially smooth 
electrode (412) for use in integrated circuit devices, wherein said method includes 
placing an integrated circuit substrate (402, 404) into a vacuum chamber in a 
sputtering device and introducing a carrier gas mixture comprised of a noble gas 
and a reactive gas species into said vacuum chamber, said method characterized 
by: 

using (P1 1 04) a DC glow discharge to sputter a conductive film (410) using 
a target metal material onto said substrate in the presence of said carrier gas 
mixture, 

said target metal material being selected from the group consisting of 
platinuTh, palladium, rhodium, iridium, ruthenium, blends thereof, and oxides 
thereof. 

2. The method as set forth in claim 1 wherein said noble gas used in 
said step of introducing a carrier gas is argon. 

3. The method as set forth in claim 1 wherein said reactive gas species 
used in said step of introducing a carrier gas is oxygen. 

4. The method as set forth in claim 1 wherein said reactive gas species 
used in said step of introducing a carrier gas is ozone. 

5. The method as set forth in claim 1 wherein said reactive gas species 
used in said step of introducing a carrier gas includes hydrogen and oxygen. 

6. The method as set forth in claim 1 wherein said reactive gas species 
used in said step of introducing a carrier gas constitutes less than fifty percent of 
said carrier gas by volume. 

7. The method as set forth in claim 1 including a step of maintaining 
said carrier gas mixture ranging from 9 x 10"' to 2 x 10"^ Torr during said step of 
using said DC glow discharge. 

8. The method as set forth in claim 1 including a step (P1 1 02) of fomning 
a adhesion layer (406) prior to deposition of said conductive film. 

9. The method as set forth in claim 8 wherein said forming said 
adhesion layer is characterized by the steps of: 
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inserting an integrated circuit substrate (402, 404) into a vacuum cliamber 
in a DC sputtering device; 

flovi/ing a carrier gas mixture comprised of a noble gas and a reactive gas 
species into said vacuum cinamber; 

using a DC glow discharge to sputter an adhesion layer using a target metal 
selected from said group onto said substrate in the presence of said carrier gas - 
mixture. 

10. The method as set forth in claim 9 wherein said noble gas used In 
said step of flovi/ing a carrier gas mixture is argon. 

1 1 . The method as set forth in claim 9 wherein said reactive gas species 
used in said step of flowing a carrier gas mixture is oxygen. 

12. The method as set forth in claim 9 wherein said reactive gas species 
used in said step of flowing a carrier gas mixture is ozone. 

13. The method as set forth in claim 9 wherein said reactive gas species 
used in said step of flowing a carrier gas mixture includes hydrogen and oxygen. 

14. The method as set forth in claim 9 wherein said reactive gas species 
used in said step of flowing a carrier gas mixture has a partial pressure ranging 
from 1 ,5% to 50% of said carrier gas. 

15. The method as set forth in claim 9 including a step of maintaining 
said carrier gas mixture ranging from 9 x 10"' to 2 x 10"^ Torr during said step of 
using said glow discharge. 

16. The method as set forth in claim 1 including a step of fonning a 
barrier layer (506) prior to depositing said conductive film. 

17. The method as set forth in claim 15 wherein said forming said barrier 
layer is characterized by the steps of: 

inserting an integrated circuit substrate into a vacuum chamber in a DC 
sputtering device; 

flowing a carrier gas mixture comprised of a noble gas and a reactive gas 
species into said vacuum chamber; and 

using a DC glow discharge to sputter a bamer layer using a target metal 
onto said substrate in the presence of said carrier gas mixture, 
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said target metal being selected from the group consisting of titanium, 
titanium tungstate, tantalum, tantalum silicide, tungsten, tungsten silicide, 
molybdenum, molybdenum silicide, palladium, rhodium, iridium, and ruthenium. 

1 8. The method as set forth in claim 1 7 wherein said noble gas used in 
said step of flowing a carrier gas mixture is argon. 

19. The method as set forth in claim 1 7 wherein said reactiye gas species- 
used in said step of flowing a carrier gas mixture Is nitrogen. 

20. The method as set forth in claim 1 7 wherein said reactive gas species 
used in said step of flowing a canier gas mixture is NjO. 

21 . The method as set forth in claim 1 7 wherein said reactive gas species 
used in said step of flowing a carrier gas mixture is oxygen. 

22. The method as set forth in claim 17 wherein said reactive gas species 
used in said step of flowing a carrier gas mixture is ozone. 

23. The method as set forth in claim 17 wherein said reactive gas species 
used in said step of flowing a carrier gas mixture is a mixture of hydrogen and 
oxygen. 

24. The method as set forth in claim 1 7 wherein said reactive gas species 
used in said step of flowing a carrier gas mixture is selected to include at least two 
gasses from the group consisting nitrogen, N2O, oxygen, ozone, and hydrogen. 

25. The method as set forth in claim 1 7 wherein said reactive gas species 
used in said step of flowing a carrier gas mixture is present in an amount less than 
70% of said carrier gas by volume. 

26. The method as set forth in claim 17 including a step of maintaining 
said carrier gas mixture ranging from 9 x 10'^ to 2 x 10"^ Torr during said step of ' 
using said glow discharge. 

27. The method as set forth in claim 1 including a step(P1108, PIII6) 
of forming a ferroelectric layer (420) over said conductive film. 

28. The method as set forth in claim 27 wherein said ferroelectric layer 
is a layered superlattice material. 

29. The method as set forth in claim 27 wherein said step of forming said 
ferroelectric layer includes depositing (P1108) a liquid precursor to form a film of 
said precursor on said integrated circuit substrate. 
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30. The method as set forth in claim 29 wherein said step of depositing 
said liquid precursor is followed by a step of drying (P1 110) said precursor film at 
a temperature less than 400 °C to provide a dried precursor residue. 

31. The method as set forth in claim 30 wherein said step of drying said 
film of said precursor is followed by steps of: 

soft baking (P1112) said dried precursor residue using RTP at an RTP - 
temperature ranging from 525 °C to 675 °Cfora period of time ranging from thirty 
seconds to five minutes to provide a soft baked precursor residue: and 

annealing (P11 16) said soft baked precursor residue in a diffusion furnace 
under oxygen at an anneal temperature ranging from 450 °C to 650 °C. 

32. The method as set forth in claim 27 characterized by. after said step 
of formfng said ferroelectric layer, the steps of 

flowing (P1 118) a carrier gas mixture comprised of a noble gas and a 
reactive gas species into said vacuum chamber; and 

using a second DC glow discharge to sputter a second conductive film (424) 
using a target metal material selected from said group onto said substrate in the 
presence of said carrier gas mixture. 

33. The method as set forth in claim 32 wherein said noble gas used in 
said step of flowing a carrier gas mixture is argon. 

34. The method as set forth in claim 32 wherein said reactive gas species 
used in said step of flowing a earner gas mixture is oxygen. 

35. The method as set forth in claim 32 wherein said reactive gas species 
used in said step of flowing a carrier gas mixture is ozone. 

36. The method as setforth in claim 32 wherein said reactive gas species ' 
used in said step of flowing a earner gas mixture is mixture of hydrogen and 
oxygen. 

37. The method as setforth in claim 32 wherein said reactive gas species 
used in said step of flowing a carrier gas mixture is less than fifty percent of said 
can-iergas by volume. 

38. The method as set forth in claim 32 including a step of maintaining 
said carrier gas mixture ranging from 9 x 10"^ to 2 x 10'^ Ton" during said step of 
using said glow discharge. 
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39. The method as set forth in claim 32 including, after said step of 
forming said second conductive film, the steps of: 

adding a carrier gas mixture comprised of a noble gas and a reactive gas 
species to said vacuum chamber; 

using a DC glow discharge to sputter a second adhesion layer (426) from 
a target metal onto said substrate in the presence of said carrier gas mixture, 

said target metal being selected from the group consisting of titanium, 
tantalum, palladium, rhodium, iridium, and ruthenium. 

40. The method as set forth in claim 39 wherein said noble gas used in 
said step of adding a carrier gas mixture is argon. 

41 . The method as set forth in claim 39 wherein said reactive gas species 
used irxsaid step of adding a carrier gas mixture Is oxygen. 

42. The method as set forth in claim 39 wherein said reactive gas species 
used in said step of adding a carrier gas mixture is ozone. 

43. The method as set forth in claim 39 wherein said reactive gas species 
used in said step of adding a carrier gas mixture is mixture of hydrogen and 
oxygen. 

44. The method as set forth in claim 39 wherein said reactive gas species 
used in said step of adding a carrier gas mixture ranges from twenty five to fifty 
percent of said carrier gas by volume. 

45. The method as set forth in claim 39 including a step of maintaining 
said carrier gas mixture ranging from 9 x 10'^ to 2 x 10'^ Torr during said step of 
using said glow discharge. 

46. The method as set forth in claim 39 including a step of completing 
(P1 124) an integrated circuit memory (400, 500, 600, 700, 800). 

47. A method (P1 100) of making a ferroelectric capacitor with sputter 
deposition of an essentially smooth electrode for use in integrated circuit devices, 
said method comprising the steps of: 

placing (P1104) an integrated circuit substrate (402, 404) into a vacuum 
chamber in a DC sputtering device; 

introducing a earner gas mixture comprised of a noble gas and a reactive 
gas species into said vacuum chamber; 
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using a DC glow discharge to sputter a first conductive film (410) using a 
first target metal material onto said substrate in the presence of said carrier gas 
mixture, 

said first target metal material being selected from the group consisting of 
platinum, palladium, rhodium, Iridium, ruthenium, blends thereof, and oxides 
thereof, 

coating (P1 108) said conductive film with a liquid precursor capable of 
yielding a layered superlattice material (420) upon drying and annealing of said 
liquid precursor; 

drying (P1 110) said liquid precursor at temperature less than 400 °C to 
provide a dried precursor residue; 

rapid thermal processing (P1 112) said dried precursor residue at an RTP 
temperature ranging from 525 °C to 675 °C for a period of time ranging from thirty 
seconds to five minutes to provide a smooth surface atop said dried precursor 
residue; 

using (PUIS) a DC glow discharge to sputter a second conductive film 
(424) using a second target metal material onto said substrate in the presence of 
said carrier gas mixture, 

said second target metal material being selected from the group consisting 
of platinum, palladium, rhodium, iridium, ruthenium, blends thereof, and oxides 
thereof; 

annealing (P1 122) layers resulting from said above steps; and 
patteming (P1120) layers resulting from said above steps to provide a 
ferroelectric capacitor (400, 500). 

48. The method as set forth in claim 47 wherein said step of coating is 
performed by liquid source misted chemical deposition, 

49. The method as set forth in claim 47 wherein said step of coating said 
conductive film includes coating said conductive film with a sufficient amount of 
liquid precursor to yield said layered superlattice material having a thickness 
ranging from 30 nm to 250 nm. 

50. The method as set forth in claim 47 wherein said step of coating said 
conductive film includes coating said conductive film with a sufficient amount of 
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liquid precursor to yield said layered superlattice material having a thicl<ness 
ranging from 30 nm to 110 nm. 

5 1 . The method as set forth In claim 47 wherein said step of coating said 
conductive film includes coating said conductive film with a sufficient amount of 
liquid precursor to yield said layered superlattice materia! having a thickness 
ranging from 40 nm to 100 nm. 

52. The method as set forth in ciaim 47 wherein said step of coating said 
conductive film includes coating said conductive film with a sufficient amount of 
liquid precursor to yield said layered superlattice material having a thickness 
ranging from 50 nm to 80 nm. 

53. The method as set forth in claim 47 wherein said step of rapid 
thermaJ processing said dried precursor residue is preformed at an RTP 
temperature ranging from 625 "C to 650 °C. 

54. The method as set forth in claim 47 wherein said step of rapid 
thermal processing said dried precursor residue is preformed at an RTP 
temperature of 650 °C. 

55. An electronic memory device (400, 500, 600, 700, 800) having a 
fen-oelectric capacitor including a ferroelectric layer (420) interposed between a 
pair of electrodes (412, 422), said electronic memory device characterized by: 

the ferroelectric layer being a layered superlattice material having a 
thickness less than 130 nm; 

the electrodes including g conductive material selected from the group; 
consisting of palladium, rhodium, iridium, aithenium, blends thereof, and oxides 
thereof; 

and the electrodes having essentially smooth surfaces contacting said 
ferroelectric layer, said essentially smooth surfaces each having essentially no 
surface irregularities protruding into said ferroelectric layer a distance more than 
about 20% of the 130 nm thickness of said ferroelectric layer. 

56. The electronic memory device as set forth in claim 55 wherein said 
ferroelectric layer is essentially free of defects and has essentially no clusters and 
porosity inclusions in said ferroelectric layer. 
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FATIGUE ENDURANCE FOR DEVICE 
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AUGUR ELECTRON SPECTROSCOPY 
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AUGUR ELECTRON SPECTROSCOPY 
SAMPLE SS 10-6: 50% O2 
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